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1.0  INTRODUCTION 


This  second  annual  progress  report  describes  work  completed  for  the 
Naval  Ocean  Research  and  Development  Activity  between  November  1,  1979  and 
October  31,  1980.  The  first  annual  progress  report  (1)  concentrated 
primarily  on  the  quantitative  description  of  the  chemical  and  physical 
structure  as  well  as  the  adhesive  properties  of  paints.  This  second 
report  describes  work  investigating  the  mass  transport  properties  of 
detached  paint  films.  Both  the  transport  properties  and  the  structural 
features  of  paints  are  important  to  our  ultimate  objective;  a  quantitative 
understanding  of  the  mecb  nism  of  corrosion  under  paint  films. 

An  understanding  of  the  corrosion  mechanism  requires  an  investigation 
of  the  physical  and  electrochemical  conditions  at  the  interface  where 
corrosion  is  taking  place.  Measurement  of  the  interfacial  conditions 
is  invariably  difficult.  Various  spectroscopic  methods  can  be  used  to 
investigate  the  paint-metal  interface,  but  ordinary  physical  probes 
invariably  upset  the  natural  corrosion  process  at  the  measurement  point. 
Consequently,  a  means  of  deducing  the  local  conditions  at  the  interface 
from  measurements  made  at  remote  sites  is  required.  It  is  proposed 
to  establish  the  conditions  at  the  paint-metal  interface  through  the  use  of 
a  mathematical  model  (2). 

The  mathematical  model  was  created  to  quantitatively  describe  the 
transport  of  all  mobile  species  through  paint  films.  The  films  are 
described  as  a  homogeneous  diffusion  barrier  controlling  the  transport 
of  corrosion  products  and  reactants.  The  transport  processes  are 
quantitatively  described  in  terms  of  a  series  of  transport  parameters, 
diffusion  coefficients,  transference  numbers,  etc.,  which  in  turn  depend 
on  the  chemical  and  physical  properties  of  the  paints.  The  mass  transport 
characteristics  of  the  paints  under  study  are  currently  being  determined, 
and  will  be  related  later  to  the  chemical  and  physical  structure  of  paints. 
Then  a  quantitative  relationship  will  have  been  established  between  the 
physical  properties  of  the  paint,  the  external  conditions  (electrolyte 
concentration,  potential,  etc.),  and  the  local  conditions  at  the  corroding 
surface.  The  local  conditions  must  then  be  related  to  the  actual  corrosion 
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processes  occurring  at  the  paint-metal  interface.  Completion  of  these 
steps  will  constitute  development  of  a  practical,  quantitative  model  of 
corrosion  under  paints  which  can  be  used  as  a  framework  to  evaluate 
and  improve  paint  performance. 

The  first  annual  report  discussed  the  chemical  and  physical  structure 
and  adhesive  properties  of  the  paints  under  study.  This  report  concentrates 
on  the  measurement  of  transport  properties,  specifically,  water  diffusion, 
and  sodium  and  chloride  ion  migration.  Water  transport  is  important 
because  of  the  key  role  water  plays  throughout  the  corrosion  process; 
it  affects  adhesion,  the  corrosion  reaction,  paint  swelling,  and  solute 
solubility,  as  well  as  other  properties.  Ion  transport  is  primarily 
related  to  the  passage  of  current.  At  this  time  water  permeability 
experiments  have  been  conducted  with  all  paint  types.  Hittorf  experiments 
to  establish  ionic  transference  numbers  and  permeability  coefficients 
have  been  performed  with  two  paints,  but  primarily  with  one  type  of 
polyurethane.  Limited  data  have  been  obtained  on  the  thermodynamic  variables, 
water  solubility  and  ionic  capacity.  An  apparatus  has  been  constructed 
to  determine  the  water  diffusivity  in  paint  films.  Extensive  tests  have 
been  conducted  with  two  different  designs  of  this  apparatus,  and  two 
types  of  paint  have  been  Investigated.  These  experiments  are  described 
in  Sect.  3  as  well  as  in  the  two  published  papers  related  to  this  work 
and  included  in  appendix  B. 

Future  plans  involve  continuing  the  measurements  of  transport 
properties  as  well  as  establishing  their  relationship  to  the  structural 
features  of  paint.  The  mathematical  model  has  already  been  completed, 
and,  when  a  full  set  of  transport  parameters  becomes  availabe,  quantitative 
evaluation  of  the  corrosion  process  will  begin.  The  final  step  will 
then  be  to  correlate  actual  corrosion  experience  with  the  results  of 
model  calculations. 
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2.0  SUMMARY 

This  report  describes  a  continuation  of  work  to  determine  the 
mechanism  of  painted-metal  corrosion  and  the  role  of  the  physical  and 
chemical  structure  of  paint.  In  the  past  year,  work  has  been  concentrated 
on  the  transport  of  water  and  solute  ions  through  detached  paint  films. 

The  investigation  consisted  of  five  separate  test  measurements  made  on 
unpigmented  and  uninhibited  paints  of  commercial  and  military  interest. 

Water  diffusivity  has  been  determined  at  various  temperatures  and 
relative  humidities  with  a  special  apparatus.  Two  distinct  experimental 
techniques  have  been  tested.  The  first  measured  the  water  absorption  of 
a  vinyl  resin  with  an  electrobalance,  and  the  diffusivity  was  then 
calculated.  The  water  diffusivity  in  this  vinyl  resin  is  independent  of 
relative  humidity.  The  equilibrium  water  solubility  of  the  resin  has 
been  shown  to  depend  greatly  on  the  plasticizer  (tricresyl  phosphate) 
content. 

The  second  experimental  technique  for  determining  water  diffusivity 
utilized  a  quartz  crystal  oscillator  to  measure  micro  mass  changes.  Thtse 
tests  showed  that  the  diffusivity  of  water  in  one  type  of  polyurethane 
was  also  independent  of  relative  humidity  (water  concentration);  however, 
the  diffusivity  is  a  function  of  film  thickness.  A  possible  explanation 
is  that  the  physical  properties  of  paints  vary  in  the  direction  normal 
to  the  paint-metal  interface,  and  that  a  dense  low-diffusivity  skin  may 
form  at  the  paint-air  Interface  as  the  paint  dries. 

Water  permeability  coefficients  have  been  measured  employing  the 
standard  ASTM  method  £96-66.  These  data  generally  support  the  conclusion 
that  the  paint  properties  vary  with  position  across  the  film. 

The  ionic  capacity  of  one  type  of  polyurethane  has  been  determined 

using  a  radiotracer  technique.  These  results  are  considered  preliminary, 

but  an  upper  bound  has  been  established  for  the  ionic  capacity  of 
_2 

10  m  mole/g-paint. 

Hittorf  experiments  have  determined  the  water  and  ion  permeability 
coefficients  for  the  polyurethane.  Transference  numbers  for  sodium  and 
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chloride  ions  have  also  been  measured.  These  tests  show  that  roughly  2/3 
of  the  total  current  is  carried  by  "secondary"  ions  other  than  sodium 
or  chloride.  Conventional  membrane  theory  offers  no  explanation  as  to 
the  identity  of  the  secondary  ions. 

Transference  numbers  have  been  measured  for  polyurethane  membranes 

in  hydrogen  iodide  (HI)  and  sodium  chloride  solutions.  The  results  are 

consistent  with  those  of  Hittorf  experiments  discussed  above.  The 

transference  number  for  hydrogen  ion  in  HI  is  0.98.  The  transference 

numbers  of  both  hydrogen  and  sodium  change  abruptly  at  solution  concen- 
_2 

trations  near  10  N  indicating  a  change  in  the  diffusion  mechanism  at 
that  concentration. 

Two  papers  discussing  the  experiments  and  interpreting  this  work 
have  been  presented  to  professional  groups  in  the  past  year.  These  papers 
are  included  in  this  report  as  Appendix  B. 
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3.0  RESULTS  AND  DISCUSSION 


The  work  performed  in  the  past  year  has  centered  on  determining  the 
transport  properties  of  paint  films.  The  same  paint  designations  as 
were  presented  in  the  first  annual  progress  report  (1)  have  been  used. 

The  paint  compositions  have  not  been  included.  As  in  the  first  report, 
no  pigments  or  corrosion  inhibitors  have  been  used.  The  work  description 
has  been  divided  into  six  major  categories;  each  is  individually  discussed. 

3.1  Water  Diffusivity 

3.1.1  Theory 


The  diffusivity  of  water  in  a  polymer  film  can  be  obtained  in 
several  ways.  One  is  to  measure  the  permeability  coefficient  (P)  and  the 
dimensionless  solubility  (S)  in  separate  experiments  and  calculate  the 
diffusivity  (D) . 


D 


/s 


(1) 


Another  way  is  to  measure  the  rate  of  water  uptake  or  loss  following  a 
change  in  the  external  partial  pressure  of  water.  This  method  has  the 
advantage  that  the  diffusivity  is  obtained  directly  without  evaluating 
the  solubility  (3,  4). 


The  mathematics  describing  diffusion  into  a  thin,  flat  sheet  have 
been  discussed  by  Crank  (3).  The  pertinent  equation  can  be  written 
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n=o  (2n  +  l)^it^ 


where  W  *  weight  at  infinite  time  (g) 


Wq  =  weight  at  time  zero 


(8) 
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At  long  times, 

»  i  O) 

l2 

Eq.  2  simplifies  to 


Under  these  conditions  a  plot  of  £n(R  )  vs  time  (t)  produces  a  straight 

w 

line,  and  the  diffusivity  can  be  calculated  from  the  slope.  The  primary 
disadvantage  of  this  technique  is  the  uncertainty  in  choosing  a  value 
for  W^.  The  results  are  very  sensitive  to  W^.  A  second  method  employing 
the  initial  slope  d(R  )/dJ~t  can  be  used  if  initial  slope  data  are 
available.  Both  of  these  methods  have  been  used,  but  it  was  most 
advantageous  to  obtain  the  best  fit  of  all  the  data  to  a  finite  series. 

The  finite-series  results  based  on  Eq.  2  are  subject  to  fewer  errors  than 
those  obtained  by  either  the  long-time  or  initial-slope  methods.  The 
primary  disadvantage  of  using  a  finite  series  is  that  at  short  times 
many  terms  must  be  evaluated.  This  disadvantage  has  been  circumvented 
by  employing  a  programmable  calculator  to  evaluate  the  series  to  a 
prescribed  accuracy  and  search  for  the  best  value  of  the  diffusivity. 

3.1.2  Experimental 

During  the  past  year  a  humidity  apparatus  has  been  built  for  the 
purpose  of  measuring  the  diffusivity  of  water  in  polymers  at  various 
temperatures  and  relative  humidities.  This  equipment  was  designed  so  that 
the  polymer  film  experiences  a  step  change  in  relative  humidity  at  a 
constant  temperature  (±0.5°C).  The  apparatus  was  constructed  of  Plexiglas 
and  insulated  with  corrugated  cardboard.  A  schematic  diagram  is  shown  in 
Fig.  1. 

The  humidity  apparatus  consists  of  two  chambers.  The  polymer  is 

3 

initially  placed  inside  the  smaller  chamber  (219  cm  )  formed  by  pressing 
a  metal  cup  against  a  metal  "hat"  connected  to  the  roof  of  the  large 
chamber  or  "box."  The  cup  can  be  lowered  and  removed  from  the  box  through 
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Electrobalance 


Fig.  1.  Humidity  chamber  and  accessories  for  diffusivity  determination. 
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a  hole  in  the  floor.  The  volume  of  the  box  (15  l)  is  large  compared  to 
that  of  the  cup.  During  the  course  of  the  experiment,  a  membrane  is 
allowed  to  come  to  equilibrium  with  the  atmosphere  inside  the  cup.  At 
time  zero,  the  cup  is  lowered  and  the  atmosphere  inside  the  cup  is  mixed 
with  that  in  the  large  chamber  by  a  fan.  The  atmosphere  surrounding  the 
membrane  changes  from  that  inside  the  cup  to  near  that  inside  the  large 
chamber  in  a  short  time  ( < 1  s) .  The  change  in  weight  of  the  membrane  is 
recorded  as  a  function  of  time  after  this  step  change,  and  the  results 
are  analyzed  using  Eq.  2  to  determine  the  diffusivity. 

Two  methods  h  e  beer  used  to  determine  the  water  absorbed  by  the 
polymer.  Fig.  1  illustrates  the  first  method  employing  a  Cahn  electro¬ 
balance,  model  gram-1501.  Paint  films  weighing  about  30  mg  were  hung 
on  a  nichrome  wire  in  the  humidity  chamber.  The  wire  was  passed  through  a 
hole  in  the  top  of  the  humidity  chamber  to  the  electrobalance  weighing 
beam.  The  electrobalance  measured  the  change  in  mass  of  the  paint  film 
during  the  absorption  process.  This  technique  proved  successful,  but 
several  disadvantages  were  inherent  with  this  method. 

(1)  The  fan  circulating  the  air  inside  the  chamber  had  to  be 
turned  off  when  electrobalance  measurements  were  being  taken.  This 
changed  the  steady-state  heat  balance  on  the  chamber,  allowed 
convection  currents  and  thermal  gradients  to  develop,  and  introduced 
the  possibility  of  air-side  diffusion  resistance. 

(2)  The  gram-model  Cahn  is  manually  balanced,  and  che  procedure 
requires  several  seconds  to  complete.  This  reduced  the  number  of 
data  points  which  could  be  obtained,  particularly  in  the  early 
stages  of  the  diffusion  process.  The  manual  balancing  method  is 
not  well  suited  for  fast  transient  measurements,  and  the  accuracy 

of  the  measurements  suffers  because  the  electrobalance  is  in  balance 
for  only  an  instant. 

The  advantage  of  using  the  electrobalance  is  that  it  measures  mass 
directly,  and  despite  the  drawbacks  mentioned  above,  reasonable  results 
have  been  obtained. 
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The  second  method  of  measuring  the  absorbed  water  is  indirect, 
observing  the  frequency  change  of  a  quartz-crystal  oscillator.  Soxman 
(5)  indicates  that  the  frequency  of  an  AT-cut  quartz  crystal  can  be  con¬ 
sidered  to  depend  only  on  the  crystal  mass  for  small  changes  in  frequency 
(Af  < 2%) .  A  quartz  crystal  can  thus  be  made  to  act  as  an  exceedingly 
sensitive  microbalance.  A  commercially  available  oscillator  (Sloan 
Thickness  Monitor,  Digital  Sensor  Head,  #900010)  was  mounted  inside 
the  humidity  chamber.  Small,  thin  films  of  paint  were  placed  on  several 
preweighed  gold-coated  crystals.  After  the  paint  had  dried  (t>  7  days) 
the  painted  crystals  were  weighed  and  the  dry-film  mass  determined  by 
difference.  The  crystals  were  then  placed  in  the  oscillator  and  subjected 
to  a  step  function  in  relative  humidity.  The  frequency  change  with  time 
was  recorded  on  a  General  Radio,  model  1191,  frequency  counter  and  the 
results  analyzed  using  Eq.  2  with 


R 
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(5) 


This  crystal-oscillator  method  enjoys  several  advantages  over  the 
electrobalance  technique: 

(1)  The  fan  can  remain  on  after  the  cup  has  been  dropped,  while  the 
absorption  process  is  in  progress.  This  insures  smaller  thermal 
and  humidity  gradients  in  both  space  and  time  within  the  humidity 
chamber. 

(2)  Highly  precise  frequency  measurements  can  be  made  at  constant, 
relatively  short,  intervals  throughout  the  course  of  an  experiment. 
This  allows  higher  precision,  especially  in  the  critical  "short-time" 
(Dt/£2<0.5)  region. 

The  primary  disadvantages  of  the  oscillator  method  are 

(1)  The  films  on  the  gold-coated  crystals  are  thinner  than  commercial 
paint  applications. 

(2)  The  crystal  frequency  is  sensitive  to  some  parameters  not 
related  to  the  partial  pressure  of  water,  l.e.,  temperature,  paint 


film  shape  and  position,  etc. 

(3)  The  measured  frequency  (fm)  is  the  average  frequency  over  the 
measuring  period  (t^  <  t  <  t£): 


Both  the  second  and  third  disadvantages  can  be  circumvented  through  good 
experimental  technique  and  more  elaborate  data  manipulation,  but  the 
first  disadvantage  is  inherent  in  the  crystal-oscillator  technique.  A 
combination  of  the  two  experimental  techniques  appears  best  at  this  time. 

3.1.3  Results  and  Discussion 

To  date,  one  paint  type  (VR3)  has  been  tested  in  the  humidity  chamber 
using  the  Cahn  electrobalance.  The  results  have  been  analyzed  in  two 
ways  using  both  Eq.  2  and  4.  Typical  results  showing  weight  change  as 
a  function  of  time  are  illustrated  in  Fig.  2.  The  "long-time"  approxima¬ 
tion  for  the  same  series  of  experiments  is  presented  in  Fig.  3  showing 
that  the  data  are  fairly  well  represented  by  Eq.  4.  The  two  methods 
of  data  reduction  are  compared  in  Table  1.  The  standard  deviation  of  the 
"long-time"  diffusivity  experiments  is  20%  while  that  for  the  "complete- 
formula"  (Eq.  2)  result  is  25%.  The  reason  for  the  apparently  higher 
steady-state  weight  gain  in  experiment  11  is  not  clear.  It  first  appeared 
to  be  drift  in  the  electrobalance  calibration,  but  the  instrument  was 
frequently  zeroed  and  undetected  drift  is  considered  unlikely.  In  any 
case,  the  accuracy  of  these  results  is  about  ±25%. 

Tables  1  and  2  show  diffusivity  results  for  the  same  VR3  sample,  but 
the  temperatures  are  slightly  different.  Data  for  a  different  piece  of 
VR3  are  shown  in  Table  3.  These  data  can  be  compared  to  those  in  Table  1 
at  the  same  temperature.  They  indicate  that  the  variation  in  diffusivity 
between  individual  pieces  of  VR3  may  be  as  great  as  a  factor  of  two. 


water  diffusivity  experiments  with  VR3.  Humidity  step  change 
0%  to  83%  RH  at  22°C.  Thickness  -  3.20  x  10"  3  cm. 


!  ! 


Experiment 

Number 


Table  1 

Humidity  Chamber  Results  for  a  VR3  Free  Film 
3.20  x  10  3  cm  Thick 


Dif fusivity 
(cm^/sec) 


Relative 

Days  at 
These 

Long  Time 

Complete 

Dry 

Humidity 

Temp. 

Conditions 

Approximation 

Formula 

Weight 

(%) 

<C°) 

(eq.  4) 

(eq.  2) 

(mg) 

83.6 

22.0 

3 

4.98  x  10*8 

4.85  x  10-8 

29.111 

83.5 

22.3 

4 

3.32  x  10'8 

3.86  x  10-8 

29.112 

83.5 

22.3 

5 

4.98  x  10-8 

6.59  x  10-8 

29.106 

83.4 

22.7 

6 

3.74  x  10“8 

4.44  x  10~8 

29.106 

83.5 

22.3 

4.5 

4.25  x  10-8 

4.93  x  10“8 

29.109 

Table  2 


Humidity  Chamber  Results  for  a  VR3  Free  Film 
3.20  x  10_3cm  Thick 


Diffusivity 

(cm^/sec) 


Experiment 

Relative 

Days  at 
These 

Long  Time 

Complete 

Dry 

Number 

Humidity 

Temp. 

Conditions 

Approximation 

Formula 

Weight 

X 

(C°) 

(eq.  4) 

(eq.  2) 

(mg) 

14 


Table  3 

Humidity  Chamber  Results  for  a  VR3  Free  Film 
3.58  x  10" 3  cm  Thick 


Dif fusivity 
(cm^/sec) 


Experiment 

Relative 

Days  at 
These 

Long  Time 

Complete 

Number 

Humidity 

Temp. 

Conditions 

Approximation 

Formula 

% 

<C°) 

(eq.  4) 

(eq.  2) 

14 

83.6 

22.0 

4 

5.71  x  10~8 

8.46  x  10' 

-8 

15 

83.5 

22.3 

5 

5.19  x  10  ° 

7.29  x  10' 

Mean 

i  /._i  ; 

83.6 

22.2 

4.5 

5.45  x  10~8 

7.88  x  10' 

Dry 

Weight 

(mg) 


26.902 

26.891 

26.897 
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Fig.  A  shows  a  sequence  of  experiments  with  VR3  In  which  the  steady- 
state  weight  gain  was  observed  to  decrease  from  day  to  day  while  the 
experimental  conditions  were  maintained  constant.  It  appeared  that  the 
solubility  of  water  in  VR3  was  decreasing  significantly  as  the  paint  aged 
at  33°C.  This  decreasing  solubility  coincided  with  a  slight  decrease  in 
dry-film  weight  as  shown  in  Table  A.  It  was  subsequently  shown  by 
infrared  spectroscopy  that  the  VR3  film  had  lost  the  plasticizer,  tricresyl 
phosphate  (TCP).  Originally  the  paint  film  contained  9.5%  by  weight 
TCP.  By  observing  the  height  of  the  1580  cm  *  absorption  peak,  the  TCP 
content  of  the  used  VR3  film  was  calculated  to  be  8.A%,  a  1.1%  change. 

This  change  in  weight  can  be  compared  with  the  1.3%  change  in  dry-film 
weight  observed  during  the  course  of  the  humidity-chamber  experiments 
(TT-1A  through  TT-28) .  It  therefore  appears  that  the  solubility  of  water 
in  VR3  is  quantitatively  linked  to  the  amount  of  plasticizer  in  the  film, 
and  that  tricresyl  phosphate  can  be  lost  when  the  films  are  subjected  to 
even  modest  temperature  increases.  It  is  interesting  to  note,  however, 
that  the  diffusivity  did  not  change  with  plasticizer  loss  (Table  A).  The 
indication  is  that  tricresyl  phosphate  controls  the  water  solubility,  and 
consequently  the  permeability  coefficient  (Eq.  1)  but  not  the  diffusivity. 

A  comparison  of  the  results  shown  in  Tables  A  and 5  Illustrates 
^  another  point.  These  data  are  for  the  same  paint  film  but  different 

relative  humidities,  and,  within  the  precision  of  these  experiments, 
the  water  diffusivity  is  not  a  function  of  water  concentration.  This 
is  a  somewhat  surprising  result  in  view  of  the  more  general  exponential 
dependence  of  organic- compound  dif fusivities  on  concentration  (6,  7). 

The  results  shown  here  clearly  demonstrate  that  in  the  region  of  relative 
humidity  investigated  (50% < RH < 93%) ,  the  water  diffusivity  in  VR3  is 
not  a  strong  function  of  water  concentration.  This  fact  is  further 
illustrated  in  Fig.  5  which  shows  that  diffusivity  does  not  depend  on 
relative  humidity. 

The  fact  that  the  diffusivity  is  independent  of  relative  humidity 
allows  one  to  combine  data,  collected  at  several  values  of  the  relative 
t  humidity,  in  order  to  construct  an  Arrhenius  plot.  When  an  Arrhenius 

plot  is  made  of  these  data,  an  activation  energy  of  5.2  kcal/mole  is 
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Table  4 

Humidity  Chamber  Results  for  a  VR  3  Free  Film 
3.58  x  10  ^  cm  Thick 


Dif fusivity 
(cm^/sec) 


Experiment 

Number 

Relative 

Humidity 

X 

Temp. 

(C°) 

Days  at 
These 
Conditions 

Long  Time 
Approximation 
(eq.  4) 

Complete 
Formula 
(eq.  2) 

19 

54.7 

33.4 

1 

1.04  x  10~7 

1.51  x  10~ 

20 

54.7 

33.6 

2 

1.09  x  10~7 

9.60  x  10-i 

21 

54.6 

33.9 

3 

3.64  x  10~8 

6.02  x  10"' 

22 

55.3 

31.6 

4 

4.67  x  10~8 

6.05  x  10“' 

Mean 

19-22 

54.8 

33.1 

2.5 

7.40  x  10~8 

9.20  x  10_i 

Humidity 

Chamber 

Table  5 

Results  for 

a  VR3  Free  Film 

3.58  x  10-3  cm  Thick 


Dif fusivity 
(cm^/sec) 


Experiment 

Relative 

Days  at 
These 

Long  Time 

Complete 

Number 

Humidity 

Temp. 

Conditions 

Approximation 

Formula 

X 

(C°) 

(eq.  4) 

(eq.  2) 

27 

93 

32.5 

1 

7.79 

x 

io“8 

9.21 

X 

io“] 

» 

28 

93 

33.3 

2 

1.20 

X 

10“7 

1.31 

X 

10“ 

29 

93 

33.7 

3 

8.14 

X 

10"8 

8.98 

X 

io~! 

Mean 

93 

2 

9.29 

X 

10“8 

1.04 

X 

10“ 

I 


I 


Dry 

Weight 

(mg) 


26.650 

26.644 

26.640 
26.632 

26.641 


Dry 

Weight 

(mg) 


26.546 

26.542 

26.522 

26.537 
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obtained,  but  the  data  are  highly  scattered.  The  scatter  is  clearly 
illustrated  in  Fig.  6  which  shows  diffusivity  as  a  function  of  temperature. 
These  electrobalance  results  are  reasonable,  but  higher  precision  was 

sought,  so  a  second  experimental  technique  for  measuring  water  dif fusivities 
was  investigated. 

The  second  method  of  obtaining  diffusivities  utilized  a  quartz-crystal 
oscillator  as  a  sensitive  mass-change  detector.  At  this  time  only  prelimin¬ 
ary  experiments  have  been  conducted  with  the  crystal  oscillator.  All  tests 
employed  gold-coated  quartz  crystals  and  a  polyurethane  paint  (0  PUR) .  A 
series  of  tests  was  conducted  to  determine  which  physical  parameters  affected 
the  crystal-oscillator  frequency.  Fig.  7  shows  the  effect  of  temperature  on 
a  crystal  at  0%  relative  humidity.  A  least-squares-straight-line  fit  to 
these  data  yields  a  temperature  coefficient  (yt> : 

Yt  =  -3.8  Hz/°C  (7) 

This  is  in  good  agreement  with  the  value,  -3.3  Hz/°C,  reported  by  King  (8). 
This  approximate  value  has  been  confirmed  with  other  crystals,  and  relative 
humidity  has  little  effect  on  the  temperature  coefficient  as  shown  in 
Fig.  8. 

The  next  series  of  tests  involved  determining  the  effect  of  humidity 
on  unpainted  gold-coated  crystals.  Fig.  9  shows  the  frequency  change 
versus  time  for  one  crystal  subjected  to  a  step  change  in  humidity  of 
84% .  The  scatter  of  5  Hz  in  the  steady-state  frequency  is  typical.  Fig. 

10  shows  the  steady-state  frequency  change  of  unpainted  crystals  as  a 
function  of  relative  humidity.  The  crystal  frequency  can  decrease  as 
much  as  27  Hz  at  100%  RH. 

The  unpainted-crystal  voltage  coefficient  (y^)  of  the  oscillator  has 
also  been  determined: 

Yv  *  -40  Hz/V  (8) 

Finally,  the  temperature  coefficient  of  a  painted  crystal  at  0%  RH 
was  determined  to  be  about  -25  Hz/°C.  This  is  about  ten  times  greater 
than  for  an  unpainted  crystal,  but  the  result  is  based  on  a  small  number 
of  tests  and  may  need  to  be  revised  later.  In  any  case  the  changes 
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Fig.  6.  Water  diffusivity  vs  temperature  for  all  VR3  films. 

Both  the  long-time  approximation  and  complete  formula 
data  are  shown. 


Fig.  7.  Uncoated-crystal  frequency  change  vs  temperature  at  0%  relative  humidity. 
Least-squares-straight-line  slope  =  -3.8  Hz/°C. 


Uncoated-crystal  steady-state  frequency  change  vs  relative 
humidity  at  27°C.  Least-squares  slope  =  -0.267  Hz/%  RH. 
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introduced  by  changing  temperature  and  voltage  can  be  minimized  by  good 
experimental  technique.  Furthermore,  the  sum  of  all  these  external 
effects  is  small  with  respect  to  the  frequency  change  (*400  Hz)  experienced 
when  a  painted  crystal  is  exposed  to  a  relative  humidity  step  function 
from  0%  to  50%  RH. 

Fig.  11  shows  the  results  of  two  diffusivity  experiments  with  0  PUR; 
increasing  relative  humidity  (0% — ►  83%  RH),  and  decreasing  humidity 
(83%  — *-  0%  RH)  at  26°C.  The  results  are  plotted  as  the  absolute  value 
of  frequency  change  versus  time.  Both  experiments  are  very  close  except 
at  long  times.  The  long-time  discrepancies  are  not  entirely  clear,  but 
they  are  possibly  related  to  either  small  temperature  effects  (^25  Hz 
possible)  or  to  slight  discrepancies  in  humidity  difference  as  a  result  of 
temperature  differences  or  dessicant  condition.  The  fact  that  the  initial 
slopes  of  the  two  curves  are  nearly  identical  indicates  that  the  diffusivity 
is  not  a  function  of  concentration  between  0%  and  83%  relative  humidity 
(26°C) .  Crank  (3)  has  discussed  the  formal  description  of  this  aspect 
of  diffusion. 

Fig.  12  shows  the  same  data  as  Fig.  11  plotted  as  reduced  frequency 
change  (R^)  versus  time.  The  theoretical  curves  based  on  a  best  diffusivity 
are  also  shown.  The  typical  trend  is  for  the  experimental  points  to 
fall  below  the  theoretical  curve  at  short  times  and  slightly  above  at 
longer  times.  This  is  also  indicated  in  Fig.  11  in  which  a  constant 
frequency  has  not  been  reached  after  80  seconds.  The  data  have  been 
extended  to  times  on  the  order  of  600  seconds,  and  the  frequency  continues 
to  change  slowly.  The  slow  frequency  drift  makes  determination  of  the 
long-time  frequency  (f^)  difficult,  and  is  one  reason  the  theoretical 
curves  (Fig.  12)  do  not  more  closely  coincide  with  the  experimental  data. 

The  cause  of  the  long-time  frequency  drift  is  currently  under 
investigation,  but  it  appears  likely  that  it  occurs  because  diffusivity 
depends  on  position  inside  the  paint  films.  This  hypothesis  is  further 
supported  by  comparing  the  magnitudes  of  the  diffusivities  obtained  in 
diffusion  cup  and  crystal  oscillator  experiments.  The  diffusion  cup 

_3 

results  performed  on  thick  (^2.5  x  10  cm)  membranes  of  0  PUR  indicate  the 

—8  2 

diffusivity  is  about  10  cm* /s.  The  diffusivities  obtained  from  crystal- 


Absolute  value  of  frequency  change  vs  time  for  step  up  and  step  down  humidity  changes 
between  0%  and  83%  RH.  0  PUR  painted  crystal  at  26°C. 


frequency  change  vs  time  for  two  relative  humidity  step  changes  of 
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_9  2 

frequency  experiments  are  one  order  of  magnitude  smaller  (*10  cm  /s) 

-4 

for  paint  films  about  10  cm  thick.  The  low  diffusivity  of  thin  films 
suggests  that  at  least  two  regions  of  different  diffusivity  are  present 
in  0  PUR  paint  films.  Several  models  compatible  with  these  data  are 
possible,  and  we  expect  elucidation  of  how  they  relate  to  the  structure 
of  polyurethane  films  as  more  complete  data  become  available. 

The  water  diffusivity  experiments  have  all  been  based  on  an 
analysis  of  the  transient  response  of  paint  films  to  a  step  function  in 
relative  humidity.  For  this  purpose  a  thermostated  humidity  chamber  was 
designed  and  constructed.  Preliminary  tests  have  been  performed  using 
one  of  two  additional  pieces  of  equipment;  a  Cahn  electrobalance,  or  a 
crystal  oscillator.  These  tests  show  the  unsteady-state  technique  to  be 
a  valuable  tool  for  investigating  diffusion  in  polymers.  The  results 
indicate  that  the  diffusivity  of  water  in  one  type  of  polyurethane  (0  PUR) 
is  independent  of  concentration,  but  is  probably  a  function  of  position 
inside  the  paint  film.  Experiments  in  this  area  are  continuing,  and 
more  complete  results  are  expected  for  0  PUR  as  well  as  other  paint 
membranes . 
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3.2  Water  Permeability 
3.2.1  Theory 


The  permeability  of  a  membrane  material  to  a  mobile  species  has 
historically  been  described  in  terms  of  the  activity  difference  of  the 
mobile  species  across  the  membrane,  the  membrane  thickness,  and  the 
permeability  coefficient.  For  the  most  part,  the  equations  describing 
the  process  have  been  derived  for  gaseous  diffusants.  As  Crank  and  Park 
(4)  point  out,  however,  the  same  equations  can  be  used  to  describe  the 
diffusion  of  liquids.  The  following  equations  apply: 


2 

where  F  =  diffusion  flux  (mole/cm  -s) 

2 

P  =  differential  permeability  coefficient  (cm  /s) 

3 

a  =  diffusant  activity  (mole/cm  ) 


(10) 


The  liquid  activity  can  also  be  expanded  in  terms  of  a  dimensionless 
activity  coefficient  (y)  relative  to  the  pure  liquid  at  a  specified 
temperature  and  pressure; 

a  *  yc  (11) 

3 

where  c  *  the  liquid  concentration  (mole/cm  ) 


For  the  one-dimensional  example,  equation  10  can  be  integrated  to  yield 


fC  2 

Fx  *  J  py  dc 
C1 

-  p7  (c2  -  cp 

where  t  ■  film  thickness  (cm) 

Py  -  average  reduced  permeability 

If  the  diffusing  species  obeys  Henry's 
simplifies  to 

Ft  -  p'y(C2  -  Cx) 


(12) 

(13) 

2 

coefficient  (cm  /s) 

law,  y  is  constant  and  equation  13 

(14) 


where  P  -  the  average  permeability  coefficient  in  the  Henry’s  law  case. 

Eq.  10  and  14  are  quite  similar,  but  should  not  be  confused.  The  differen¬ 
tial  permeability  (P)  is  a  function  of  position  within  the  paint  film, 
whereas  the  average  permeability  p'  may  depend  on  the  conditions,  film 
thickness  (t),  concentration  (C) ,  etc.,  of  the  experiment. 

For  systems  in  which  the  differential  permeability  coefficient  is 

—  I  — f 

constant,  P  =  P.  However,  a  systematic  variation  of  P  with  thickness  (t) 
was  observed  with  several  of  the  paint  systems  investigated.  Most  of 
these  systems  show  increasing  permeability  coefficients  with  increasing 
thickness.  One  simple  model  of  such  systems  divides  the  paint  films  into 
two  regions  of  different  diffusivity.  If  one  region  is  thin,  as  one 
would  expect  if  a  compact  air-dried  skin  formed  at  the  air-paint  interface, 
the  following  equation  can  be  derived: 


3 

where  a.^  -  =  Aa  *  external  activity  difference  (mole/cm  ) 

F  =  steady  state  flux  through  the  membrane  (mole/cm^-s) 
t  =  total  membrane  thickness  (cm) 

t  -  skin  thickness  (cm) 

s  2 
P^  -  bulk-phase  permeability  coefficient  (cm  / s) 

Pg  *  skin-phase  permeability  coefficient  (cm^/s) 

A  plot  of  (Aa/F)  versus  membrane  thickness  is  expected  to  produce  a 
straight  line  with  the  slope  equal  to  the  reciprocal  bulk-phase  permeability 
coefficient.  In  the  special  case  when  the  skin  is  absent  xg  *  0,  Eq.  15 
reduces  to  Eq.  14  with  p'  *  P^.  Whenever  enough  data  were  available  to 
make  an  unambiguous  determination  of  the  bulk-phase  permeability  coefficient, 
Eq.  15  was  used  to  calculate  the  water  permeability  coefficients. 

The  bulk-phase  and/or  the  average  permeability  coefficients  have  been 
measured  at  different  temperatures.  Arrhenius  plots  of  the  permeability 
coefficients  generally  yield  typical,  positive  activation  energies 
(0 < Ep < 10  kcal/mole).  Fang  (7)  has  shown,  however,  that  this  Is  not 
necessarily  required,  and  his  argument  is  repeated  here  briefly. 


The  permeability  coefficient  (P)  depends  on  both  the  diffusivity  (D) 
and  the  dimensionless  solubility  (S): 


DS 


(16) 


Over  a  limited  temperature  range  an  exponential  temperature  dependence 
is  expected: 


P 

D 

S 


P  exp  (-Ep/RT) 
D*  exp  (-Ed/RT) 
s'  exp  (-AHg/RT) 


(17) 

(18) 
(19) 


where  P 


,  S  =  constants  (cm  /s) 

Ep  =  activation  energy  for  permeability  (kcal/mole) 

Ep  «=  activation  energy  for  diffusion  (kcal/mole) 

AH  =  heat  of  solution  of  solvent  in  the  membrane  material 
s 


R 

T 


(kcal/mole) 

gas  constant  (kcal/mole  -  °K) 
absolute  temperature  (°K) 


When  Eq.  17-19  are  substituted  into  Eq.  16  the  following  results  are 
obtained: 


P 

E. 


d’s' 


E_  +  AH 
D  s 


(20) 

(21) 


Diffusion  is  a  fundamental  kinetic  process;  therefore,  ED>  0,  but  AHg 
is  a  thermodynamic  quantity  and  can  take  either  positive  or  negative 
values.  It  is  thus  possible  for  the  activation  energy  for  permeation 
(Ep)  to  be  positive,  negative,  or  zero. 


3.2.2  Experimental 


The  permeability  of  water  through  paint  membranes  has  been  measured 
using  diffusion  cups  (A5TH  E96-66,  procedure  BW) .  In  this  experiment, 
liquid  water  is  placed  in  a  glass  vessel  which  is  then  sealed  with  the 
membrane.  The  vessel  is  placed  in  a  position  such  that  liquid  water  always 
covers  the  membrane  surface  Inside  the  vessel.  The  exterior  paint  surface 
is  maintained  at  zero  partial  pressure  of  water  by  contacting  with  air 
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T 


) 


Fig.  13.  Natural  logarithm  of  dimensionless  permeability  coeffii _ 

vs  reciprocal  temperature  for  water  In  0  PUR. 
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dried  by  a  dessicant  and  circulated  with  a  fan.  The  temperature  was 
maintained  constant  ±2°C  by  external  heating  coils.  The  weight  of  the 
diffusion  cups  was  measured  daily,  and  the  results  plotted  as  weight  loss 
versus  time. 

3,2.3  Results  and  Discussion 

3. 2. 3-1  Old  Polyurethane  System  (System  VIII,  0  PUR) 


Water  permeability  coefficients  have  been  determined  at  temperatures 

_  O 

between  24.5°C<  T<41.3°C.  Thicknesses  ranged  between  3.5  x  10  cm 

_3 

<T  <14.5  x  10  cm.  The  glass  transition  temperature  of  0  PUR  is  61°C  (1). 

Fig.  13  is  an  Arrhenius  plot  of  the  dimensionless  bulk-phase  permeability 
coefficient.  The  activation  energy  is  6.6  kcal/mole.  Based  on  a  least- 
squares  fit  of  the  data  the  bulk-phase  permeability  at  25°C  is 

PK  (298)  -  4.87  x  10"10  cm2/s)  (22) 

D 

Similar  manipulations  can  be  performed  on  the  average  permeability. 

?'  (298)  -  4.95  x  10-10  cm2/s  (23) 

Ep  =4.34  kcal/mole  (24) 

—  * 

The  close  correlation  between  P  and  P  indicates  that  the  second  term 

b 

on  the  right  in  equation  15  is  small.  This  could  be  the  result  of  either 
of  two  conditions, 

xs  «  t  (25) 

or  Ps  *  Pb  (26) 

The  fact  that  the  intercept  is  positive  when  the  data  are  plotted  using  * 

Eq.  14  indicates  that 

Pb  >  Ps  (27) 

The  diffusion  data  obtained  with  the  crystal  oscillator  indicate  that 
Db>10(De)  (28) 


— 
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If  the  solubilities  are  not  too  different, 


We  can  calculate  that  xg  is  on  the  order  of  10  cm.  tg  thus  appears  to 
be  a  relatively  thin  compact  layer.  Other  membranes  (cellulose  acetate) 
have  been  shown  to  possess  a  similar  physical  configuration,  a  dense 
outer  layer  supported  by  a  more  permeable  structure  underneath  the 
surface  skin  (9,  10).  Based  on  the  preliminary  results  obtained  in  this 
study,  this  configuration  may  represent  a  rather  general  feature  of  high- 
solvent-content  paint  systems. 


3. 2. 3-2  New  Polyurethane  (System  VII,  N  PUR) 


The  N  PUR  system  has  been  investigated  at  temperatures  between 

—3  —3 

26.4°C  <  T  <  38.5°C,  and  thicknesses  between  2.5  x  10  cm<T<3.8  x  10  cm. 

The  glass  transition  temperature  for  N  PUR  is  70°C  (1).  Only  three 
thicknesses  of  N  PUR  have  been  tested.  Analysis  using  Eq.  15  was 
therefore  deemed  inappropriate.  The  complete  data  are  included  in 
Appendix  A.  The  average  permeability  coefficient  at  25°C  and  activation 
energy  are 

— '  —in  9 

P  (298)  -  2.61  x  10  U  cin  /s  (30) 

e'p  -  5.72  kcal/mole  (31) 

If  the  permeability  data  are  used  to  generate  Arrhenius  plots  for 
each  film  thickness,  the  activation  energies  tend  to  increase  with  film 
thickness  (==2  kcal/mole).  The  magnitude  of  this  change  is  not  great, 
but  it  may  indicate  a  changing  diffusion  mechanism  with  changing  film 
thickness.  The  changes  could  be  the  result  of  a  changing  diffusivity, 
a  changing  solubility,  or  both.  From  these  data,  it  appears  that  the 
water  permeation  characteristics  of  N  PUR  are  similar  but  slightly 
different  from  those  for  the  other  polyurethane  system. 


t 


t 


» 
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3.2. 3-3  Vinyl  Resin  II  (System  II,  VR2) 


The  vinyl  resin  II  (VR2)  paint  system  was  investigated  at  temperatures 
between  23.3°C<  T<37.6°C  and  thicknesses  between  2.13  x  10  ^  cm 

O 

<  T  <  3.09  x  10  cm.  The  glass  transition  temperature  for  VR2  is  72°C 
(1) .  A  complete  data  summary  is  presented  in  Appendix  A.  The  bulk-phase 
permeability  coefficient  at  25°C  and  corresponding  activation  energy  are 

-10  2 

P,  (298)  =  5.71  x  10  cm  /s  (32) 

b 

Ep  =  9.98  kcal/mole  (33) 


The  linear  correlation  coefficients  (R)  for  the  reduction  of  these  data 
according  to  Eq.  15  are  generally  greater  than  0.8. 


The  average  permeability  coefficient  at  25°C  and  activation  energy  are 

?'  (298)  =  7.79  x  10-10  cm2/s  (34) 

Ep*  4.35  kcal/mole  (35) 


The  average  permeability  coefficient  (p')  in  this  case  is  slightly 
greater  than  Pfc  indicating 


P 


b 


<  P 

s 


(36) 


This  is  born  out  by  the  Eq.  15  plots  which  generally  produce  negative 
intercepts.  As  indicated  previously,  however,  the  data  are  somewhat 
scattered  (R  =  0.8),  and  the  results  should  be  considered  preliminary. 


3. 2. 3-4  Vinyl  Resin  III  (System  III,  VR3) 

The  vinyl  resin  III  system  (VR3)  has  been  investigated  over  the 
temperature  range,  20. 8°C < T <  36 . 2°C,  at  thicknesses  between  2.08  x  10  cm 
<t<6.58  cm  The  glass  transition  temperature  of  VR3  is  46°C. 

The  experiments  determined  the  permeability  coefficient  at  36.2°C, 
close  to  the  glass  transition  temperature  of  46°C.  Upon  cooling  the  samples 
below  36.2°C,  it  was  observed  that  some  irreversible  changes  had  taken 
place  in  the  membranes.  This  observation  was  confirmed  later  on  the 
VR3  samples  tested  in  the  humidity  chamber  as  well  as  with  other  paint 
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types.  It  appears  now  that  most  paint  polymers  are  reasonably  reversible 
with  respect  to  the  effect  of  temperature  on  permeability  coefficients 
at  temperatures  far  from  the  glass  transition.  As  the  glass  transition 
temperature  is  approached,  permanent  changes  occur  in  the  permeability, 
probably  indicating  a  structural  rearrangement  inside  the  paint.  This 
is  consistent  with  the  observation  that  the  data  are  more  scattered  on 
falling-temperature  experiments  than  when  the  temperature  is  rising. 
Consequently,  most  data  reported  here  are  from  rising-temperature 
experiments.  The  data  reported  for  this  system  are  an  exception;  they 
were  taken  as  the  temperature  decreased  over  the  specified  range. 

The  bulk-phase  permeability  coefficient  at  25°C  and  activation  energy 
for  VR3  are 

-TO  9 

P.  (298)  -  3.48  x  10  cin  /s  (37) 

D 

Ep  -  12.92  kcal/mole  (38) 

Based  on  the  diffusivity  (D)  calculated  from  humidity-cell  experiments 
the  solubility  of  water  in  VR3  is 

S  -  3.16  x  10"3  (39) 

This  is  somewhat  lower  than  one  might  expect  based  on  experience,  but 

-3  -3 

compares  favorably  with  the  values,  2.6  x  10  <S<5.3  x  10  ,  obtained 

from  humidity-chamber  work.  The  solubility  (Eq.  39)  would  tend  to  appeair 
high  if  the  diffusivity  is  too  low,  as  would  be  expected  if  a  compact  skin 
is  present  on  the  surface  of  VR3.  When  Eq.  15  is  used  to  reduce  the 
data,  the  intercept  is  small  but  always  positive.  This  fact  indicates 
that  VR3  is  a  two-layer,  composite  film.  We  thus  expect  the  water 
solubility  of  VR3  to  be  quite  small.  More  complete  permeability  data  are 
given  in  Appendix  A. 

3. 2. 3-5  Vinyl  Resin  IV  (System  IV,  VR4) 


The  vinyl  resin  IV  system  (VR4)  was  investigated  in  the  temperature 
range  25.1°C  <  T  <  42.2°C,  with  thicknesses  between  3.38  x  10  3  <T<7.70  x  10 
cm.  The  glass  transition  temperature  of  VR4  is  not  well  known  (Tg>45°C). 


The  bulk-phase  permeability  coefficient  reduced  to  2 5°C  and 
activation  energy  for  VR4  are 

Pfc  (298)  -  1.05  x  10"9  cm2/s  (40) 

Ep  =  -6.00  kcal/mole  (41) 

As  these  figures  indicate,  VR4  exhibits  anomalous  behavior  based  on  the 

other  paints  studied.  The  average  permeability  coefficient  is  much  lower 

than  P,  : 
b 

P'  (298)  -  2.63  x  10"10  cm2/s  (42) 

Ep  *  10.25  kcal/mole  (43) 

—  I 

The  large  discrepancy  between  P^  and  P  indicate  that  at  least  two  diffusivity 
regions  are  present,  and  the  surface  film  represents  a  large  fraction  of 
the  total  film  resistance. 

The  two  average  permeability  coefficients  calculated  from  Hittorf 
experiments  with  VR4  are 

?'  (298)  -  1.59  x  10*10  cm2/s  (44) 

n 

?'  (298)  -  2.11  x  10"10  cm2/s  (45) 

n 

— i 

These  agree  with  P  from  Eq.  42.  Since  the  Hittorf  experiments  have 
a  significantly  higher  average  water  concentration  than  the  permeability¬ 
cell  experiments,  these  results  indicate  that  water  permeation  in  VR4  is 
not  strongly  concentration  dependent. 

Table  6  summarizes  all  the  water  permeability  results.  It  is  interesting 
to  note  that  the  permeability  coefficients  lie  in  the  region, 

2.6  x  10~10  <  P(298)  <10.5  x  10_1°  cm2/s  (46) 

In  spite  of  this  rather  narrow  range  of  permeabilities,  the  activation 
energies  are  widely  scattered,  indicating  that  different  internal  processes 
are  affecting  permeation.  In  most  cases  where  sufficient  data  are 
available,  a  position-dependent  diffusivity  is  indicated.  The  VR2  system 
is  the  one  possible  exception  to  this  statement.  Further  experiments  are 
planned  to  Investigate  the  mechanism  of  water  permeation  through  paint 
films  with  the  intent  of  accurately  modeling  the  process. 
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3.3  Ionic  Capacity 

Ionic  capacity  (a  parameter  in  the  mathematical  model  of  paint  films) 

has  been  measured  for  two  paint  systems,  VR4  and  0  PUR.  A  total  of  three 

experiments  have  been  conducted;  therefore,  the  results  are  preliminary. 

The  technique  has  been  described  elsewhere  (11),  but  briefly;  it  consists 

of  allowing  a  paint  film  to  stand  in  contact  with  a  sodium  chloride 

solution  until  equilibrium  has  been  attained.  The  concentrations  of 

sodium  or  chloride  and  water  are  measured  both  inside  the  paint  and 

36  22  3 

in  the  external  solution.  Radiotracer  elements  (Cl  ,  Na  ,  and  H  )  were 
used  for  this  purpose. 

A  single  experiment  has  been  conducted  with  VR4.  The  salt  concentra¬ 
tion  was  0.091  N,  NaCl.  Radioactive  sodium  and  tritiated  water  were  used 
as  tracers.  The  results  indicate  the  water  concentration 

Cw  *  5.85  x  10  2  g  H20/g  paint  (47) 

The  sodium  concentration  was  also  determined: 

C  *  7.9  x  10  ^  mole/cm3  (48) 

Na 

The  ionic  capacity  cannot  be  determined  until  a  similar  experiment  has 
been  completed  using  chloride  radiotracer,  but  a  dimensionless  solubility 
can  be  calculated  for  sodium  ions  alone: 

S„  -  8.7  x  10"3  (49) 

Na 

^  -3 

This  value  is  slightly  higher  than  the  value  (S  *  10  )  estimated  for 

0  PUR  (11) .  Additional  data  for  0  PUR  have  been  presented  and  discussed 
elsewhere  (11). 

3.4  Hittorf  Experiments 

The  classic  Hittorf  method  has  been  used  to  test  paint  membranes 
by  passing  a  current  between  two  chemically  identical  solutions  through 
the  membrane.  The  solution  concentrations  were  the  same  on  both  sides  of 
the  paint  film.  The  plane  of  the  paint  membrane  was  horizontal,  and  the 


> 
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air  side  was  always  down.  The  solution  having  the  highest  radioactivity 
was  always  in  the  bottom  compartment,  on  the  air  side  of  the  membrane. 
Voltages  were  reported  relative  to  the  bottom  electrode  (air  side)  as 
ground.  Further  details  of  the  method  have  been  discussed  elsewhere 
(11,  12).  In  the  past  year,  six  Hittorf  experiments  have  been  completed 
involving  two  types  of  paint:  system  IV  (VR4),  and  system  VIII  (0  PUR). 
All  Hittorf  experiments  were  conducted  at  25°C. 

Hittorf  experiments  are  designed  to  yield  water  and  ionic-species 
permeability  coefficients.  The  basic  procedure  involves  measuring  the 
rate  of  concentration  changes  in  the  two  solutions  as  well  as  the  charge 
passing  through  the  membrane.  The  results  are  reported  as  transference 
numbers  and  permeability  coefficients.  Permeability  coefficients  are 
discussed  elsewhere  (11,  Sect.  3.2). 

The  transport  of  each  mobile  species  can  be  described  using  a  number 
of  transport  parameters  (2).  Transference  numbers  represent  one  type  of 
transport  parameter.  For  ionic  species,  transference  numbers  represent 
the  fraction  of  the  total  current  carried  by  the  corresponding  ion. 

The  sum  of  all  ionic  transference  numbers  is  one. 

3.4.1  Results  and  Discussion 


The  results  of  all  Hittorf  experiments  are  summarized  in  Table  7. 

Detailed  experimental  data  are  presented  in  Appendix  A.  The  two  experiments 

involving  VR4  produced  minimal  results  because  no  detectable  quantities 

22  36 

of  radioactive  sodium  (Na  )  or  chloride  (Cl  )  were  found.  This  has 
been  a  persistent  problem  which  has  only  recently  been  overcome  in  experiments 
conducted  with  0  PUR  membranes.  Future  experiments  with  VR4  are  expected 
to  yield  complete  results.  Water  permeability  coefficients  (p')  were 
obtained  by  measuring  the  passage  of  tritium-labeled  water  through  VR4. 

The  results  are  in  fair  agreement  with  those  obtained  in  diffusion  cup 
experiments  (Table  7). 

Four  Hittorf  experiments  were  conducted  with  0  PUR  membranes.  The 
most  striking  feature  of  these  results  is  that  the  sum  of  the  sodium  and 
chloride  ionic  transference  numbers  is  not  one.  These  data  Indicate  that 
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roughly  two  thirds  of  the  current  Is  being  carried  by  some  ionic  species 
other  than  sodium  or  chloride.  This  is  particularly  interesting  in  view 
of  the  common  practice  of  many  researchers  to  assume  the  identity, 

t+  +  t_  =  1,  (50) 

in  cases  involving  a  binary  salt.  Eq.  50  is  clearly  not  justified  when 
modeling  ionic  transport  through  0  PUR.  These  results  support  the 
hypothesis  proposed  by  Ruggeri  and  Beck  (11,  13)  that  some  dissociation 
of  neutral  species  is  involved.  The  neutral  species  could  be  small 
impurity  compounds  present  in  the  paint  or  some  other  compound  such  as 
water.  Water  is  a  small  molecule,  and  can  therefore  be  expected  to  be 
highly  mobile,  but  it  may  not  be  as  concentrated  inside  the  paint  as 
some  organic  impurities. 

The  Hittorf  data  in  Table  7  show  significant  variations  between 
paint  films.  Similar  observations  were  noticed  with  the  diffusion  cup 
(water  permeability)  results.  The  Hittorf  water-permeability  coefficient 
(?’)  for  0  PUR  is 

?’H  (298)  =  5.9  x  10"10  cm2/s  (51) 

which  is  within  one  standard  deviation  of  the  value  obtained  from  diffusion 
cup  experiments.  This  fact  again  underscores  the  observation  that  the 
diffusion  coefficient  of  water  in  0  PUR  is  not  a  strong  function  of  water 
concentration  (Sect.  3.1).  This  conclusion  follows  because,  in  diffusion 
cup  experiments,  the  average  water  concentration  inside  the  paint  films 
is  about  one-half  the  concentration  found  in  Hittorf  experiments.  The 
water  permeability  results  obtained  in  Hittorf  experiments  are  thus  consistent 
with  all  permeability  data  obtained  by  other  means. 

Table  7  also  shows  permeability  data  for  the  mobile  ions,  sodium  and 
chloride.  A  significant  variation  between  Individual  paint  specimens  is 
Indicated,  as  well  as  variations  of  a  single  membrane  with  time.  Fig.  14 
shows  sodium  activity  as  a  function  of  total  coulombs  of  charge  passed 
through  0  PUR  (charge  increases  monotonically  with  time).  The  slope  of 
this  curve  represents  the  sodium-ion  transference  number.  Fig.  14  clearly 
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illustrates  a  systematic  decrease  in  sodium-ion  transference  number  as  time 
increases.  Despite  these  time  variations,  the  transference-number  data 
appear  to  be  quite  constant,  even  between  paint  specimens.  A  maximum 
variation  of  about  40%  (between  specimens)  was  observed  in  chloride 
transference  number,  while  the  same  samples  produced  permeability  coefficients 
differing  by  a  factor  of  30. 

Another  interesting  feature  of  these  data  is  the  apparent  discrepancy 
between  the  sodium  and  chloride  permeability  coefficients.  Despite  the 
fact  that  the  sodium-ion  transference  number  is  roughly  one  tenth  that  of 
chloride,  the  permeability  coefficient  for  sodium  appears  to  be  slightly 
greater  than  the  chloride  coefficient.  The  discrepancy  is  probably  a 
result  of  the  previously  discussed  variations  between  individual  paint 
specimens . 

These  Hittorf  data  for  0  PUR  clearly  lead  to  two  conclusions: 

(1)  Only  about  1/3  of  the  current  is  carried  by  the  "primary"  ions, 
sodium  and  chloride, 

(2)  The  differences  in  transport  properties  between  paint  specimens 
are  relatively  large. 

Both  VR4  and  0  PUR  require  additional  investigation,  but  the  second  point 
is  compatible  with  Mayne's  (14-16)  position  that  membrane  properties 
change  significantly  in  the  plane  of  the  film.  Further  investigations 
are  planned  to  determine  which  ions  are  responsible  for  two  thirds  of  the 
current,  and  to  verify  whether  or  not  Mayne's  observations  apply  to  these 
paint  films. 

3.5  Transference  Numbers 


Transference  numbers  have  been  calculated  by  measuring  the  open 
circuit  potential  of  the  following  cell: 

Ag  |  Ag  I  |  HI  )  Membrane  )  HI  I  Ag  1  I  Ag 

a  e  Y  (  «  ?  y’  o' 


(52) 


When  the  hydrogen  iodide  concentrations  are  different  in  the  y  and  Y 
phases,  a  potential  (U)  is  developed  according  to  the  equation  (17): 


U  «  E.  -  E  « - —  ~  t+  In  ■— 

1  2  z_v_  F  +  A+2 


(53) 


where  v  =  moles  of  ions  per  mole  of  salt 

v_  =  moles  of  negative  ions  per  mole  of  salt 

z_  «  negative  ion  valence 

t+  =  positive-ion  transference  number 

3 

A+^  =  salt  activity  on  side  1  (y)  of  the  membrane  (mole/cm  ) 

If  the  concentration  of  HI  is  held  constant  on  side  2  (A+2  *  constant) , 
the  slope  of  U  versus  £n(A+^)  is  directly  related  to  t+; 


2-v-  JF_  d(U) 
v  RT  d^n  A. 


(54) 


+  1 


Fig.  15  shows  transference-number  data  for  0  PUR  in  hydrogen  iodide 

solution.  Similar  data  have  been  reported  elsewhere  (11)  for  0  PUR  in 

sodium  chloride  solution.  Both  experiments  show  that,  as  the  solution 

becomes  less  concentrated,  the  potential  becomes  more  erratic.  This  is 

possibly  due  to  the  increased  resistance  of  the  paint  membranes  at  low 

concentrations.  The  Keithley  616  electrometer  used  to  measure  potentials 

had  a  0.1  second  time-constant,  and  no  Faraday  cage  was  used  in  order  to 

facilitate  solution  changes.  The  temperature  was  recorded  but  not  controlled 

at  21°C  ±  1°C .  Fig.  15  shows  the  same  general  behavior  reported  previously. 

At  least  two  different  regions  of  concentration  can  be  identified.  In 

_2 

the  concentrated  region,  > 10  N,  a  family  of  straight  lines  is  obtained, 
all  of  nearly  identical  slope.  Each  line  represents  data  obtained  with 
a  different  side  2  HI  activity  which  was  held  constant  as  the  side  1 
activity  varied.  Table  8  summarizes  the  concentrated-region  results. 

These  data  indicate  that  that  hydrogen  ion  is  the  primary  mobile  species 
in  concentrated  HI  solution.  This  is  in  contrast  to  the  behavior  in 
concentrated  sodium  chloride  solution  where  t+  ■  0.38  (11).  Fig.  15  clearly 
illustrates,  however,  the  concentration  dependence  of  the  transference 
numbers.  In  the  low-concentration  region  0  PUR  in  HI  exhibits  a  t+  *  0.25. 
This  is  surprisingly  close  to  the  value  of  t+  *  0.20  obtained  for  0  PUR 


Side  Two 
Concentration 


-300 


-400 


Fig.  15. 


10"4  10-3  10"2  10*1  1 
Side  One  Hydrogen  Iodide  Activity  (  mole/1) 


Potential  difference  vs  logarithm  HI  activity  at  four  differ¬ 
ent  concentrations  on  side  two  of  the  cell.  Points  are 
experimental  data.  Solid  curves  are  least-squares  straight 
lines  through  concentrated-region  data  (C,  > 10“2  n). 
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Table  8 

Hydrogen-Ion  Transference  Numbers 
in  0  PUR  at  21°C 


HI  Constant  HI  Concentration  Slope 


Concentration 

Range 

(mV/decade) 

I± 

io-1 

1  -  3  x  10" 2 

105.5 

CJ\ 

00 

l(f2 

1  -  3  x  10-2 

116.4 

.98 

h“* 

O 

1 

U) 

1  -  3  x  10“2 

117.1 

.99 
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in  NaCl  at  similar  concentrations.  One  final  comparison  between  the 

HI  and  NaCl  results  is  that  the  break  between  the  high  and  low  concentration 

-2 

regions  occurs  at  the  same  concentration,  10  N. 

It  would  be  unwise  to  rely  greatly  on  these  data  at  this  time,  but 

they  clearly  indicate  a  changing  transport  mechanism  as  the  concentration 

-2 

passes  through  the  break  point,  10  N.  Similar  observations  have  been 

presented  for  the  sodium  chloride  system  indicating  that  the  two  experiments 

have  elements  in  common.  Furthermore,  these  data  are  consistent  with  an 

earlier  hypothesis  that  a  neutral  species,  possibly  water,  contributes 

ions  for  conduction  at  low  concentrations.  These  "secondary"  ions  are 

produced  by  dissociation  of  the  neutral  species,  but  it  should  be  pointed 

out  that  Eq.  52  and  53  apply  only  to  systems  containing  two  ionic  species. 

By  including  the  dissociation  of  water,  at  least  three  ionic  species  are 

involved,  and  a  more  complex  theory  must  be  adopted.  The  computer  model 

is  a  particularly  convenient  way  to  handle  these  more  complex  situations 

in  detail,  but  from  the  data  and  discussion  presented  here,  it  is  clear 

that  some  change  in  the  diffusion  of  ionic  species  occurs  in  0  PUR  as  the 

-2 

external  solution  concentration  approaches  10  N. 

3.6  Additional  Testing 

In  addition  to  the  experiments  already  discussed,  several  other 
types  of  testing  have  been  performed.  One  of  these  tests  involves  the 
flow  of  salt  solutions  through  membranes  under  a  pressure  gradient.  A 
special  apparatus  similar  to  that  described  by  Choi  and  Bennion  (18)  has 
been  constructed  for  these  experiments.  The  experiments  consist  of  forcing 
a  solution  of  known  composition  through  a  paint  membrane  while  measuring 
the  flow  rate,  potential  drop,  and  filtrate  composition.  Preliminary  tests 
have  been  conducted  with  Teflon  and  0  PUR,  but  no  definitive  conclusions 
can  yet  be  drawn.  Qualitatively,  the  flow  of  solution  through  0  PUR 
under  a  pressure  gradient  appears  to  be  a  reversible  process  having 
little  effect  on  the  solution  concentration.  These  tests  are  expected 
to  continue  at  an  increased  level  in  the  coming  year. 
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Time-transient-current  experiments  have  been  conducted  with  0  PUR 
in  sodium  chloride  solution  at  =t21°C.  These  experiments  measure  the  current 
as  a  function  of  time  after  application  of  a  voltage  step  function.  The 
experiments  were  complicated  by  -the  inability  to  attain  a  well-specified 
initial  condition.  This  is  compatible  with  the  Hittorf  results  in  which 
varying  transference  numbers  were  observed  as  the  paint  film  aged  (Sect.  3.4) 
It  appears  to  be  a  general  observation  of  these  films  that  the  electrical 
properties  exhibit  large  variations  in  time  as  well  as  between  individual 
specimens  (conductivity  data,  Appendix  A).  Average  values  and  dimensionless 
parameters,  such  as  transference  numbers,  on  the  other  hand  vary  consider¬ 
ably  less.  Many  time-transient-current  experiments  were  completed,  and 
semi-quantitative  results  have  been  presented  (11)  which  indicate  that  the 
time  constant  for  current  decay  is  about  1000  seconds. 

Finally,  the  densities  of  paint  films  have  been  measured  by  weighing 

-4 

samples  dry  and  submerged  in  water.  The  scales  were  accurate  to  1  x  10  g, 
and  sample  weights  were  generally  between 

50  mg  <  W  <  90  mg  (55) 

Table  9  summarizes  the  density  measurements. 

4 . 0  PLANNED  WORK 

Future  work  in  the  area  of  transport  parameters  will  continue  to 
emphasize  the  quantitative  description  of  mass  transport  in  paint  films. 
Efforts  will  continue  on  diffusivity,  permeability,  Hittorf,  and  trans¬ 
ference-number  experiments.  Additional  high-pressure-flow  experiments  will 
be  conducted  on  a  series  of  different  paint  films.  When  complete,  these 
experiments  will  produce  enough  data  to  quantitatively  describe  the 
diffusion  of  water  and  sodium  chloride  through  the  paint  films.  In 
addition,  investigation  of  oxygen  diffusion  through  these  paints  under 
submerged  conditions  as  well  as  testing  the  paints  for  regional  diffusivity 
variations  as  discussed  by  Mayne  (14-16)  is  planned. 
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Table  9 

Paint  Density.  Dry  and  Submerged  Weight  Method 
Multiple  Entries  Represent  Different  Specimens 


Paint 
0  PUR 


VR3 


VR4 


K  Epoxy 


Densitj 


1.1711 

1.1979 

1.1455 


1.3510 

1.3693 

1.3234 


1.323 

1.5424 

1.1202 

1.2507 

1.1512 

1.2806 

1.1601 

1.2094 


1.1568 

1.1475 

1.1394 


V  _ 
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6.0  APPENDIX  A 


EXPERIMENTAL  DATA 


Water  Diffusivity 
Water  Permeability 
Hittorf 

Transference  Numbers,  0  PUR  in  HI 
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Table  A-l 


Humidity  Chamber  Results  for  a  VR3  Free  Film 
3.20  x  10~3  cm  Thick 


Dif fusivity 
(cm^/sec) 


Experiment 

Number 

Relative 

Humidity 

X 

Temp. 

<c°) 

Days  at 
These 
Conditions 

Long  Time 
Approximation 
(eq.  4) 

Complete 
Formula 
(eq.  2) 

3 

77.9 

22.5 

4 

6.23  x  10~8 

7.36  x  10"‘ 

4 

77.6 

23.3 

5 

5.81  x  10"8 

1.96  x  10” 

Mean 

3-4 

77.8 

22.9 

4.5 

6.02  x  10~8 

1.35  x  10" 

Dry 

Weight 

(mg) 


29.010 

29.010 

29.010 


3.56  x  10  J  1.69  x  10  5.03 
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Table  A-2.3 

VR2  Permeability  Data  (A  =  3.14  cm 
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A-3.2.  Charge  vs 


Fig.  A-3.4 


Tritium  (H  )  activity  vs  time  for  Hittorf  experiment  No.  NR-2,  VR4  at  25°C. 
Solid  curve  for  theoretical  best  diffusivity.  Points  are  experimental  data 


Conductivity  vs  time  for  Hittorf  experiment  No.  NR-3 
0  PUR  at  25°C. 


for  Hittorf  experiment  No.  NR-3,  0  PUR  at  25°C. 
the  chloride  charge  equivalent  in  coulombs. 


Time  (day) 


Fig.  A 


-3.10.  Tritium  activity  for  Hittorf  experiment 
No.  NR-4,  0  PUR  at  25°C.  Solid  curve 
for  theoretical  best  diffusivity. 

Points  are  experimental  data. 


3 


Time  (hr) 

Fig.  A-3.12.  Charge  vs  time  for  Uittorf  experiment 
No.  NR-5,  0  PUR  at  25°C. 


Fig.  A-3.13.  Chloride-36  activity  vs  time  for  Hittorf  experiment 
No.  NR-5,  0  PUR  at  25°C. 


Charge  (Coulomb) 

Chloride-36  vs  charge  for  Hittorf 
experiment  No.  NR-5,  0  PUR  at  25°C 
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Fig.  A-3.15.  Tritium  (h)  activity  vs  time  for  Hittorf  experiment  No.  NR-5,  0  PUR  at  25  C. 

Solid  curve  for  theoretical  best  diffusivity.  Points  are  experimental  data. 


Tritium  Activity  (wC/m£) 


Time  (day) 

Fig.  A-3.17.  Conductivity  vs  time  for  Hittorf  experiment 
No.  NR- 6,  0  PUR  at  25°C. 


Time  (day) 


Fig.  A-3.19.  Sodium-22  activity  vs  time  for  Hittorf  experiment 
No.  NR-4,  0  PUR  at  25°C. 
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Table  A-4.1 

Cell  Potential  (mV)  for  0  PUR  in  HI  Solution 
Reference  Solution  10  3  N  HI 


B  -  Reference 

Solution  on 

Bottom,  T  « 

Reference  Solution 

on  Top 

Reference  Position 

Variable 

Concentration 

B 

T 

B 

Mean 

io'4 

-266 

160 

213 

IQ"3 

126 

-202 

134 

154 

3  x  10"3 

-151 

151 

IQ"2 

96 

-104 

91 

97 

3  x  10-2 

50 

52 

51 

IQ"1 

-4 

2 

0 

--3 

3  x  10-1 

--51 

49 

-50 

-50 

1 

-116 

-116 
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Table  A-4.2 

Cell  Potential  (mV)  for  0  PUR  in  HI  Solution 

_2 

Reference  Solution  10  N  HI 

B  -  Reference  Solution  on  Bottom,  T  -  Reference  Solution  on  Top 


Reference  Position 


Variable 

Concentration 

B 

B 

T 

<r 

1 

o 

37 

107 

-89 

io“3 

53.2 

75 

-61 

3  x  10~3 

43 

-37 

10~2 

22 

2 

3 

3  x  10~2 

-19 

-38 

45 

H 

1 

O 

iH 

-72 

-88 

100 

3  x  10'1 

-136 

-139 

151 

1 

-217 

Reference 

Position 

Variable 

Concentration 

io-4 

B 

T 

Mean 

113 

-74 

84 

IQ'3 

76 

-60 

65 

3  x  10"3 

38 

-26 

36 

io'2 

6 

5 

4 

3  x  10-2 

-36 

47 

-37 

io-1 

-88 

-87 

3  x  10'1 

-128 

143 

-139 

1 

-217 

\.  P 
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Table  A-4.3 

Cell  Potential  (mV)  for  0  PUR  in  HZ  Solution 

-3 

Reference  Solution  10  N  HI 

B  *  Reference  Solution  on  Bottom,  T  ■  Reference  Solution  on  Top 


Reference  Solution 


Variable 

Concentration 

B 

B 

B 

ID'4 

30 

76 

io“3 

99 

68 

54 

3  x  10~3 

26 

26 

10-2 

19 

-37 

-37 

3  x  10-2 

-39 

-93 

-93 

10-1 

-115 

-159 

-151 

3  x  10_1 

-195 

-211 

1 

-279 

Reference 

Position 

Variable 

Concentration 

T 

Mean 

IQ'4 

-31 

46 

IQ"3 

7 

54 

3  x  10~3 

43 

3 

10"  2 

87 

-35.5 

3  x  10"2 

141 

-91.5 

H 

1 

O 

205 

-157.5 

3  x  10-1 

-203 

1 

-279 

V  * 
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Table  A-4.4 

Cell  Potential  (mV)  for  0  PUR  in  HI  Solution 

-4 

Reference  Solution  10  N  HI 

B  *  Reference  Solution  on  Bottom,  T  ■  Reference  Solution  on  Top 


Reference 

Position 

Variable 

Concentration 

B 

B 

Mean 

io-4 

5 

1 

3 

io-3 

-33 

-28 

-30.5 

3  x  10“3 

-73 

-73 

io-2 

-83 

-122 

-102.5 

3  x  10“2 

-124 

-190 

-157 

io"1 

-210 

-253 

-231.5 

3  x  10-1 

-291 

-309 

-300 

1 

-375 

-375 
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6.0  APPENDIX  B 


The  Transport  Properties  of  Polyurethane  Paint 

An  Investigation  of  the  Mass  Transfer  Characteristics 
of  Polyurethane  Paint 


( 


THE  TRANSPORT  PROPERTIES  OF  POLYURETHANE  PAINT 


R.  T.  Rugger!  and  T.  R.  Beck 


Electrochemical  Technology  Corp. 
3935  Leary  Way  N.W. 
Seattle,  Washington  98107 


ABSTRACT 

Unpigmented  paints  reduce  corrosion  by  inhibiting  the  rate  of  mass 
transfer  of  reactants  toward  and  products  away  from  metal  surfaces.  In 
order  to  quantitatively  describe  the  mass-transfer  processes  in  polymer 
paints  a  new  mathematical  model  of  diffusion  has  been  proposed.  An 
experimental  investigation  of  one  type  of  polyurethane  has  been  conducted 
to  evaluate  the  applicability  of  the  model  and  determine  the  required 
parameters  (diffusion  coefficients,  transference  numbers,  etc.).  A 
water  diffusivity  (D  *  3.2  x  10“®  cm^/sec)  and  dimensionless  solubility 
(S  *  0.015)  have  been  determined.  The  concentration  of  sodium  chloride 
in  paint  exposed  to  0.1  N  NaCl  solution  at  22°C  has  been  measured 

—8  —7 

4.6  x  10  <  <  1.9  x  10  mole/g-paint 

A  new  hypothesis  is  presented;  hydrogen  and/or  hydroxyl  ions  carry  the 
bulk  of  the  current  through  polyurethane  films  Immersed  in  dilute  sodium 
chloride  solutions. 


INTRODUCTION 

Paint  has  been  used  to  inhibit  corrosion  for  a  great  many  years,  but 
a  complete  quantitative  model  of  paint  properties  and  behavior  has  not 
beer  /resented.  In  an  effort  to  facilitate  a  more  quantitative  under¬ 
standing  of  how  paint  protects  metals  from  corrosion,  a  mathematical 
model  has  been  developed  (1) .  The  model  is  based  on  ideas  presented  by 
several  authors.  Mayne  (2),  for  example,  has  pointed  out  that  unpigmented 
paints  retard  corrosion  primarily  by  acting  as  diffusion  barriers.  Several 
authors  (2-6)  have  recognized  the  importance  of  the  diffusion  of  ions  and 
have  studied  the  membrane  potential  of  paint  films.  These  studies  indicate 
that  paint  behaves  as  a  low  capacity  ion-exchange  membrane.  Ulfvarson 
(7-9)  and  others  (10,  11)  have  measured  the  ion-exchange  capacity  of  a 
variety  of  paints  In  an  attempt  to  relate  it  to  the  protective  performance 
of  the  paints.  The  diffusion  of  water  in  polymers  has  been  considered  by 
Crank  and  Park  (12) .  They  discuss  the  two  major  schools  of  thought 
concerning  water  sorbtlon  and  diffusion:  adsorption  of  water  by  a  porous 
polymer,  or  disolution  of  water  into  a  solid  organic-polymer  phase.  The 
Brunauer,  Emmett  and  Teller  (13)  (BET)  theory  of  adsorption  has  been 
applied  to  the  porous -media  model  of  paint.  Solution  theories  like  those 


presented  by  Flory  (14)  have  been  used  to  describe  polymers  as  single¬ 
phase  solutions. 

The  concepts  presented  by  these  authors  form  the  basis  for  the 
mathematical  description  of  the  transport  properties  of  paint  films. 

The  model  describes  paint  as  a  protective  layer  limiting  the  mass  transfer 
of  reactants  toward  and  products  away  from  the  corroding  metal.  The  paint 
posesses  ion-exchange  capacity  and  is  treated  as  an  organic  solution  rather 
than  a  porous  solid.  In  this  manner  the  model  attempts  for  the  first  time 
to  quantitatively  describe  the  movement  of  mobile  species  through  the  paint, 
and  further,  to  relate  the  various  fluxes  stoichiometrically  to  the  corrosion 
process  occurring  at  the  paint-metal  interface.  In  order  to  describe  the 
diffusion  of  mobile  species  through  paint,  a  set  of  equations  has  been  used 
which  are  similar  to  those  proposed  by  Newman  (15,  p  239)  for  diffusion  in 
liquids.  Newman's  equations  are,  likewise,  similar  to  the  Stefan-Maxwell 
equations  describing  diffusion  in  gases  (16).  These  equations  are  very 
general  in  nature  and  are  consequently  widely  applicable.  A  program  was 
written  to  solve  the  equations  using  a  digital  computer.  When  the  correct 
set  of  parameters  (diffusion  coefficients,  transference  numbers,  etc.)  (1) 
are  used,  the  program  calculates  all  the  fluxes  and  concentrations  within 
the  paint  as  functions  of  the  external  conditions  (solution  concentrations, 
pressure,  etc.).  The  generality  of  the  diffusion  equations  represents  one 
advantage  of  the  current  model  over  what  has  been  presented  previously.  A 
disadvantage  of  this  model  is  that  the  equations  used  here  are  not  as  well 
known  as  other  descriptions  of  diffusion,  and  they  have  only  recently  been 
applied  to  polymer  systems  (17) .  In  order  to  test  the  application  of  the 
equations  to  paint  systems  and  evaluate  the  parameters  required  for  the 
model,  an  experimental  investigation  of  the  diffusion  of  water  and  ions 
(sodium  and  chloride)  through  polyurethane  was  undertaken.  The  experiments 
have  confirmed  many  of  the  basic  concepts  upon  which  the  model  was  constructed 
and  have  led  to  a  new  postulate  concerning  the  passage  of  current  through 
paint  membranes. 

EXPERIMENTAL 

Hittorf  Experiments 

The  classic  Hittorf  method  (18)  has  been  used  in  an  attempt  to 
determine  ionic  transference  numbers  and  dif fusivities  in  polyurethane  films. 
Hittorf  experiments  involved  recording  the  current  and  electrolyte  concen¬ 
trations  as  functions  of  time  after  the  application  of  a  fixed  potential 
across  the  paint  films.  The  polyurethane  (#14-9-3-900,  Desoto,  Inc., 

Berkeley,  California)  is  used  on  commercial  airplanes  and  was  obtained 
from  The  Boeing  Company,  Seattle,  Washington.  The  paint  meets  Mil.  Spec. 
C-83286B,  USAF.  Free  films  of  the  polyurethane  were  prepared  by  spray 
painting  sheets  of  decal  paper  and  subsequent  stripping.  The  paint  was 
dried  in  laboratory  air  at  room  temperature  and  ambient  relative  humidity. 
After  the  paint  had  dried,  it  was  aged  for  a  period  not  less  than  thirty 
days  at  ambient  temperature  and  humidity.  The  paint  was  stripped  from  the 
decal  paper,  just  prior  to  use,  by  soaking  in  water  for  a  few  minutes. 

The  free  paint  film  was  rinsed  until  it  no  longer  felt  slippery  to  the 


Couch  and  then  given  a  final  rinse  In  distilled  water.  The  paint  film 
was  placed  in  a  Plexiglas  Hittorf  cell  in  such  a  way  that  it  formed  the 
separating  barrier  between  two  compartments  containing  electrolyte 
solutions  of  identical  concentration.  After  the  paint  was  placed  in  the 
cell,  the  two  compartments  were  filled  and  the  entire  apparatus  enclosed 
in  an  aluminum  box  acting  as  a  Faraday  cage.  A  potential  was  applied 
across  the  membrane  with  two  identical  silver-silver  chloride  electrodes. 
The  electrodes  were  parallel  to,  the  same  diameter  as,  and  equidistant 
from  the  paint  film.  Periodically  the  aluminum  box  was  opened  for  sampling 
of  the  aqueous  solutions  in  the  two  compartments.  The  solutions  were 
made  from  reagent  grade  laboratory  chemicals  and  distilled  water.  In 
some  cases  radioactive  tracers  of  sodium  (22j$a+)  and  chloride  (36ci~) 
were  used.  These  radionuclides  were  purchased  as  soluble  salts  from 
commercial  sources  and  were  certified  to  be  99 %  chemically  pure.  No 
attempt  was  made  to  control  the  carbon  dioxide  or  oxygen  content  of  the 
solutions.  The  experiments  were  run  at  ambient  room  temperature  0=23°C) . 

Transference-Number  Experiments 

Transference  numbers  were  obtained  by  measuring  the  membrane  potential 
(6)  in  the  Hittorf-cell  apparatus.  The  basic  measurement  involved  placing 
a  membrane  between  two  solutions  of  different  composition  and  recording, 
with  an  electrometer,  the  open-circuit  potential  between  the  silver- 
silver  chloride  electrodes.  Radioactive  sodium  and  chloride  were  used 
to  trace  the  diffusion  of  ionic  species,  and  tritium  labled  water  was 
used  to  measure  the  water  flux.  Small  (10  p£)  samples  were  periodically 
drawn  off  each  aqueous  solution,  and  the  radioactive  tracer  contents 
analyzed  by  liquid  scintillation  counting  the  beta  emissions. 

Time-Transient  Current 

The  Hittorf-cell  apparatus  has  also  been  used  to  obtain  measurements 
of  the  current  transient  after  application  of  a  potential  step  function. 

The  current  was  measured  on  a  Keithley  model  616  digital  electrometer 
which  produced  a  voltage  output  proportional  to  the  current.  For  experi¬ 
ments  shorter  than  about  1000  seconds,  the  output  voltage  was  recorded  on 
a  Hewlett-Packard  model  7046A  XY  recorder.  For  longer  experiments  (t  > 
1000  sec)  a  Hewlett-Packard  model  7132A  strip  chart  recorder  was  used. 

The  time  constant  of  the  Keithley  electrometer  was  about  0.1  second  while 
that  of  the  XY  recorder  was  about  0.5  second. 

Ionic  Capacity 

The  measurement  of  the  ionic  capacity  of  polyurethane  has  been 
attempted  employing  two  different  methods:  specific-ion  titrations  and 
radiotracer  counting.  The  latter  technique  has  been  the  most  successful. 

Van  der  Heyden  (10)  and  Khullar  and  Ulfvarson  (9)  have  indicated 
that  the  ion-exchange  capacity  of  paint  varies  between  about  0.01  m 
mole/g  and  0.5  m  mole/g,  or  from  about  one  percent  to  fifty  percent  of  the 
capacity  of  commercial  ion-exchange  materials.  For  materials  with  this 
high  an  exchange  capacity,  aqueous-titration  methods  should  be  appropriate. 
Such  techniques  have  been  applied  to  polyurethane  with  little  success;  the 
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ion-exchange  capacity  was  measured  to  be  0.00  +0.01  m  mole/g. 

For  the  second  method,  a  solution  of  known  sodium-chloride  composition 
was  prepared  using  sodium-22  and  chloride-36  radiotracers.  A  preweighed 
paint  sample  was  allowed  to  stand  in  contact  with  this  solution  for  two 
weeks.  Small  samples  of  the  solution  were  withdrawn  periodically  for 
liquid  scintillation  analysis.  After  two  weeks  the  paint  sample  was 
removed,  rinsed  three  times  (for  five  seconds  each)  in  distilled  water, 
and  dried.  The  paint  was  then  analyzed  for  sodium-22  and  chloride-36. 

The  energy  of  the  sodium-22  beta  decay  is  very  similar  to  that  of  the 
chloride-36.  Liquid  scintillation  techniques  cannot,  therefore,  be  used 
to  distinguish  between  these  two  elements;  however,  sodium-22  emits  a 
positron  (6+)  with  a  decay  efficiency  of  89.8%  (19).  Each  positron 
produces  two  0.511  Mev  gamma  rays  when  it  is  annihilated  in  the  surrounding 
medium.  This  fact  allows  one  to  coincidence  count  the  gamma  radiation 
from  the  sodium-22.  The  technique  involves  two  gamma  ray  detectors  and 
a  timing  mechanism.  The  clock  is  started  when  one  of  the  detectors  is 
activated  by  a  gamma  ray.  If  the  second  detector  is  excited  within 
2  x  10“^  sec,  a  simultaneous  event  is  assumed  and  a  decay  is  recorded; 
otherwise  the  event  is  ignored.  With  such  apparatus,  the  counting 
efficiency  is  low  (2:7.5%),  but  the  chloride-36  interference  is  reduced 
nearly  to  zero. 

Using  the  coincidence  counting  technique,  the  sodium-22  content  of 
paint  films  has  been  determined.  Liquid  scintillation  methods  were  then 
used  to  establish  the  sum  of  the  chloride-36  and  sodium-22  present  in  the 
paint.  The  chloride  content  was  calculated  by  difference.  Some  difficulties 
have  been  experinced  using  this  method.  They  stem  primarily  from  the  low 
salt  content  (low  radioactive  activity)  of  the  paint  and  the  low  counting 
efficiency  of  the  coincidence  technique;  nevertheless,  the  order  of 
magnitude  of  the  salt  concentration  has  been  determined.  Further  refine¬ 
ments  of  the  experimental  and  analytical  techniques  will  reduce  the 
uncertainty. 


RESULTS  AND  DISCUSSION 


The  flux  (J)  of  a  neutral  species  through  a  film  can  be  described 
as  follows: 


J 


PAC 

■  ~r 


(1) 


where  P  ■  the  permeability  coefficient,  AC  *  the  external  solution  concen¬ 
tration  difference,  and  L  m  the  film  thickness  (12,  p  5).  Application  of 
the  concepts  illustrated  in  equation  1  to  the  flux  equation  for  electro¬ 
lytes  in  diulte  solutions  (15,  Eq.  82-3)  yields 


J 


-P 


AC 

T  “ 


4 


(2) 


where  z  *  the  ionic  charge,  F  *  the  Faraday  constant,  R  *  the  gas  constant 
T  -  the  absolute  temperature,  and  4>  *  the  electric  potential.  Equation 
2  can  be  thought  of  as  a  definition  of  the  permeability  coefficient. 


Hittorf  experiments  have  been  performed  with  polyurethane  in  aqueous 
sodium  chloride  solution.  These  experiments  were  designed  to  establish 
the  fluxes  of  all  mobile  species  under  varying  conditions  of  applied 
potential  and  electrolyte  concentration.  The  sodium  and  chloride  fluxes 
were  to  be  determined  by  adding  known  quantities  of  radioactive  tracers 

(10^  <  a  <  10^  pCuri/mole) 

to  the  solution  in  one  of  the  Hittorf-cell  compartments.  The  results 
showed  that  the  ionic  species  fluxes  were  below  the  detectable  limit,  i.e., 
the  concentration  change  of  radioactive  tracers  was  too  small  to  be 
determined.  In  contrast,  the  transport  of  tritium  labled  water  was 
easily  determined.  The  results  of  several  experiments  are  summarized  in 
Table  1.  The  maximum  permeability  coefficients  for  ionic  species  are 
indicated.  These  coefficients  were  calculated  from  the  maximum  fluxes 
which  in  turn  were  calculated  from  the  detection  limits  of  the  appropriate 
isotopes.  It  is  apparent  from  Table  1  that  the  permeability  coefficients 
of  all  the  mobile  species  are  small. 

The  permeability  coefficient  can  be  written  in  terms  of  the 
diffusivity  and  the  dimensionless  solubility 

P  *  DS  (3) 

where  D  =  the  diffusivity,  and  S  “  the  solubility  (12,  p  5).  The  small 


Table  1 

Permeability  Coefficients  in  Polyurethane  Free  Films  at  st22°C 


Mobile  P  _ External  Conditions 


Species 

(cm^/s) 

Salt  Concentration 

Potential  Difference 

C1‘ 

<6.0  E-14 

0.1  N 

1.5  V 

Cl* 

<  6.0  E-14 

0.018  N 

1.5  V 

Cl* 

<3.8  E-ll 

0.018  N 

0.0  V 

Na+ 

<3.0  E-14 

0.1  N 

1.5  V 

Na+ 

<3.3  E-ll 

0.09  N 

0.0  V 

h2o 

1.23  E-10 

2.5  N 

0.14  V 

h2o 

3.28  E-10 

0.2  N 

0.1  V 

h2o 

4.06  E-10 

0.1  N 

1.5  V 

h2o 

3.84  E-10 

0.09  N 

0.0  V 

h2o 

4.56  E-10 

0.02  N 

1.5  V 

h2o 

4.56  E-10 

0.02  N 

0.0  V 
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magnitude  of  the  permeability  coefficient  could,  therefore,  indicate 
either  a  low  solubility  or  a  low  diffusivity. 


The  solubility  of  water  in  polyurethane  has  been  measured  in  absorp¬ 
tion  isotherm  experiments  and  has  been  found  to  be  1.5%  by  weight  at  about 
20°C  (20) .  This  information  has  been  used  to  calculate  the  diffusivity  of 
water  in  polyurethane.  An  average  value  of 


3.2  x  10  i  35%  cm^/sec 


(4) 


was  obtained.  This  average  includes  permeability  data  obtained  from 
diffusion  cup  experiments  (ASTM  E96-66,  procedure  BW)  as  well  as  that 
listed  in  Table  1. 


Radioactive  sodium  and  chloride  have  been  used  to  measure  ion  concen¬ 
trations  in  the  paint.  The  procedure  was  the  same  as  that  discussed  for 
measuring  the  ionic  capacitance.  The  paint  was  allowed  to  stand  in  contact 
with  a  solution  of  known  composition  for  a  period  of  time.  Samples  of 
the  liquid  were  withdrawn  periodically,  and  after  two  weeks  the  paint  was 
removed  from  the  solution,  rinsed  in  distilled  water,  and  analyzed  for 
radioactive  tracers.  Conservation  of  mass  requires  that  the  total 
quantity  of  radioactive  materials  in  both  the  paint  and  the  solution 
remain  constant;  however,  some  measurement  problems  may  result  because 
the  ion  concentrations  inside  the  paint  are  low.  Measurements  made  on  the 
paint  film  may  suffer  from  the  problems  of  incomplete  phase  separation 
which  occur  when  the  paint  phase  is  removed  from  the  solution  phase  prior 
to  counting  the  radiotracers  (21,  22).  Any  solution  left  clinging  to  the 
paint  after  rinsing  is  counted  as  though  it  were  absorbed  inside  the  paint. 
On  the  other  hand,  measurements  of  the  changes  in  solution  activity  suffer 
from  the  classic  difficulty  of  measuring  a  small  difference  between 
large  numbers.  Despite  these  problems,  the  order  of  magnitude  of  the  ion 
concentrations  have  been  determined  in  two  different  radiotracer  experi¬ 
ments,  both  at  about  0.1  N  NaCl.  The  ion  concentrations  from  the  first 
and  second  experiments  were,  respectively 


1.6  x  10 

4.6  x  10 


The  first  experiment 
a  value  of  C.  =  10“^ 
is  calculated: 


<  C  <  1.2  x  10~^  mole/g-paint 

(5) 

<  ^  <  1.9  x  10~7  mole/g-paint 

(6) 

was  considered  less  reliable  than  the 
mole/g-paint  is  taken  as  an  average. 

second.  If 
the  solubility 

IQ'3 

(7) 

The  diffusivity  of  ions  in  the  paint  can  then  be  calculated  from  the 
permeability  data  (Table  1) 


Di=6 


..-11  2, 

x  10  cm  /sec 


(8) 


The  ionic  capacity  of  several  types  of  paint  has  been  measured 
previously  (7-11) .  In  these  studies  fairly  high  values  of  ionic  capacity 
were  obtained  by  conventional  titration  techniques.  Measurement  of  the 
ionic  capacity  for  this  type  polyurethane  has  been  attempted  using  these 
same  methods.  The  technique  has  a  sensitivity  of  about  10“  2  m  mole/g- 
paint,  but  no  detectable  ion -exchange  capacity  was  observed.  This  is 
consistent  with  the  results  of  Khullar  and  Ulfvarson  (9)  who  reported  the 
ion-exchange  capacity  of  another  polyurethane  as  zero  at  pH  values 
below  seven.  At  a  pH  of  eight  they  observed  a  moderate  ion-exchange 
capacity  (0.35  m  mole/g-paint) .  Higher  capacity  at  high  pH  was  not  observed 
in  this  investigation.  Although  the  ion-exchange  capacity  has  not  been 
determined,  an  upper  bound  of  about  10“^  m  mole/g-paint  can  be  established 
from  these  results.  This  upper  bounding  value  is  also  consistent  with  the 
ion  content  of  the  paint  determined  by  radiotracer  experiments 


C±  <  1.9  x  10 


-4 


3 

m  mole/g-paint  (0.19  mole/m  ) 


(9) 


Current  transients  have  been  recorded  after  the  application  of  a 
potential  step  function  across  a  polyurethane  film.  These  data  were 
analyzed  to  obtain  two  pieces  of  Information:  the  time  constant  for 
current  decay  and  the  apparent  steady-state  conductivity.  The  conduc¬ 
tivity  of  the  paint  film  was  expected  to  be  qualitatively  similar  to  that 
for  an  ion-exchange  material.  Fig.  1  shows  the  steady-state  conductivity 
for  a  polyurethane  free-film  in  sodium  chloride  solution.  Activity 
coefficients  were  calculated  from  the  data  of  Robinson  and  Stokes  (23) . 
The  shape  of  the  curve  is  as  predicted,  with  a  conductivity  plateau  at 
low  solution  concentrations  and  a  slope  of  one  at  high  concentrations. 

The  solid  curve  represents  a  mathematical  model  best  fit  of  the  conduc¬ 
tivity  data.  The  conductivity  becomes  constant  at  low  concentrations 
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NACL  EXTERNAL  ACTIVITY  (GAMttA«C)=(M0LE/H«3) 


Fig.  1  Polyurethane  conductivity  in  aqueous  NaCl  at 
22°C.  Top  scale  units  are  mole/l.  Symbols 
represent  experimental  data.  Solid  curve 
is  the  computer  calculated  "best  fit." 
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when  the  Ion  content  of  the  paint  Is  limited  by  the  membrane  ionic 
capacity.  Donnan  exclusion  is  operating  in  this  concentration  region. 

At  higher  salt  concentrations  the  ion  concentration  in  the  membrane  is 
determined  primarily  by  the  external  solution  concentration  and  the  ionic 
distribution  coefficients. 

The  second  body  of  information  available  from  the  transient-current 
experiments  centers  around  the  determination  of  the  time  constant  for 
decay  of  the  transient.  Interpretation  of  these  data  is  complicated  by 
the  fact  that  the  results  are  highly  erratic.  Similar  observations  have 
been  previously  reported  for  measurements  of  other  dynamic  properties  of 
polymers  (12) .  The  measured  properties  appear  to  be  related  to  the  history 
of  the  polymer.  Thus,  attempts  were  made  to  achieve  a  uniform  condition 
of  the  paint  prior  to  testing,  but  the  erratic  behavior  was  unaffected. 

One  of  these  attempts  involved  conditioning  the  paint  in  the  test  solution 
for  various  lengths  of  time  up  to  three  days  (72  hours).  Other  attempts 
Included  conditioning  in  various  solutions  (distilled  water,  for  example) 
at  temperatures  up  to  about  55°C,  and  conditioning  in  methanol  (a  water 
soluble,  non-aqueous  solvent)  then  test  solution.  Despite  the  failure 
of  these  conditioning  procedures  to  eliminate  the  experimental  noise, 
enough  experiments  have  been  conducted  to  allow  qualitative,  and  even 
semi-quantitative  evaluation  of  the  current-transient  results. 

The  analysis  of  the  transient  current  passing  through  a  free  film  of 
polyurethane  shows  that  several  phenomena  are  taking  place.  Fig.  2 
qualitatively  illustrates  the  current  as  a  function  of  time  after 
application  of  a  potential  step  function.  The  time  scale  can  be  divided 


Time  (s) 


Fig.  2  Qualitative  transient  current  through  polyurethane 
Immersed  in  NaCl  solution  following  the  application 
of  a  1  V  step  function. 


into  four  regions  representing  four  types  of  transient  behavior.  In 
region  1  (t  <  «4  sec)  the  paint  f ilm-solution-electrode  circuit  can  be 
analyzed  as  a  parallel  resistor-capacitor  network  in  series  with  a  second 
resistor.  This  equivalent  circuit  indicates  that  the  current  is  expected 
to  be  high  immediately  after  the  step  potential  and  decay  rapidly  to  a  low 
level.  The  increasing  current  in  region  2  (4  sec  <  t  <  1000  sec)  cannot 
be  explained  by  the  R-C  network  unless  the  resistance  values  change. 

In  this  region  the  conductivity  of  the  paint  is  Increasing  resulting  in 
an  increased  flow  of  current  which  eventually  reaches  an  apparent  steady- 
state  at  about  one  thousand  seconds.  The  reasons  for  the  increasing 
conductivity  of  the  paint  in  region  2  are  not  entirely  clear,  but  must 
be  related  to  the  uptake  of  either  salt  or  water  from  the  external  solution. 
In  either  case,  the  rate  of  change  of  concentration  inside  the  paint  is 
expected  to  be  diffusion  limited.  The  time  constant  for  diffusion  is 


thus  related  to  the  observed  changes  of  current  in  region  2.  An  explana¬ 
tion  of  the  decreasing  current  in  region  3  (1000  sec  <  t  <  *10^  sec)  is 
not  yet  available,  but  in  this  time  range  molecular  rearrangements  within 
the  polymer  are  possible.  Thus  such  phenomena  as  stress  relaxation  or  creep 
may  be  important.  This  is  also  the  region  which  corresponds  with  the  time 
constant  for  ionic  diffusion  (T  *  (?•  I =  4.2  x  10^  Bee).  In  region  4 
(t  >  10^  sec)  physical  and  chemical  changes  within  the  polymer  are  possible. 
Tests  of  the  quasi-equilibrium  properties  of  paints  conducted  at  this 
laboratory  have  shown  plasticizer  concentrations  change  in  this  time 
region.  Also,  the  diffusivity  of  water  obtained  from  diffusion  cup 
experiments  changes  on  this  time  scale.  Our  understanding  of  processes 
occurring  throughout  the  time  range  studied  is  incomplete,  but  clearly 
more  variables  enter  the  analysis  at  longer  times.  In  an  effort  to  minimize 
the  unknown  factors  it  is  desirable  to  conduct  studies  over  short  time 
intervals.  The  current  transients  in  region  1  were  largely  lost  because 
of  the  relatively  slow  response  of  the  recording  equipment.  Further 
discussions  will  thus  be  limited  to  region  2  where  the  current  is  expected 
to  be  limited  by  the  diffusion  rates  of  mobile  ions. 

Crank  (24)  has  described  the  diffusion  of  neutral  species  across  a 
membrane  under  the  influence  of  a  concentration  gradient.  He  shows  that 
for  this  type  of  diffusion  the  fluxes  can  be  described  by  an  infinite 
series  involving  a  single  dimensionless  parameter 


where  D  -  the  diffusion  coefficient,  t  •  time,  and  l  ■  the  membrane  thickness. 
In  concentrated  solutions,  when  Donnan  exclusion  is  not  operative,  the 
diffusion  fluxes  depend  on  the  same  parameter  (Eq.  10)  for  the  case  of 
ions  diffusing  through  paint  under  the  Influence  of  a  potential  gradient. 

Crank  has  also  presented  a  mathematical  description  of  the  average  concen¬ 
tration  of  diffusing  species  in  the  membrane  as  a  function  of  the  same 
dimensionless  parameter.  Thus ,  one  can  expect  the  quasi-steady-state 
current  (region  2)  to  be  related  to  the  diffusivity  of  mobile  ions  through 
an  equation  similar  to  that  presented  by  Crank.  This  being  the  case,  an 
analysis  of  the  transient  current  can  be  expected  to  produce  information 


about  the  diffusiviti.es  of  ions  in  the  paint  phase. 


Time  constants  for  the  decay  of  the  quasi-steady-state  current  have 
been  measured  using  the  formula 


(11) 


3  4 

where  i^  *  the  current  at  "infinite"  time  (10  <  t  <  10  sec) ,  i0  * 

the  current  at  time  zero,  i  *  the  current  at  time  ■  t,  and  T  «  the  time 
constant.  Current-decay  time  constants  for  polyurethane  in  sodium 
chloride  solutions  have  been  found  to  be  about  1000  sec  for  5  x  10~  cm 
thick  paint  films.  By  equating  the  time  constants  of  diffusion  and  current 
decay,  an  ionic  diffusivity  can  be  calculated 


-3 

where  t  m  the  paint  thickness.  For  a  5  x  10  cm  thick  paint  film,  and 
T  *  1000  sec,  a  diffusivity 


D 


2.5  x  10  ®  cm^/sec 


(13) 


is  calculated.  It  is  Interesting  to  note  that  this  is  three  orders 
of  magnitude  higher  than  the  ionic  diffusivity  estimated  previously 
(Eq.  8),  but  it  is  nearly  identical  to  that  measured  for  water  (Eq.  4). 

The  fact  that  the  current-transient  time  constant  (r  ■  1000  sec)  is 
small  compared  to  that  estimated  previously  (l*/ *  4.2  x  10-*  sec)  is  not 
entirely  surprising.  The  ionic  diffusivity  (Dj,  see  Eq.  8)  was  estimated 
from  the  maximum  ionic  flux  and  a  measured  value  of  the  ionic  concentra¬ 
tion.  The  concentration  measurement  was  subject  to  a  possible  error 
resulting  from  Incomplete  phase  separation  (21,  22).  The  error  would  tend 
to  make  the  ionic  concentration  appear  too  high,  and  this  in  turn  would 
produce  a  low  diffusivity  (Eq.  3).  It  is  not  likely  that  these  experi¬ 
ments  are  subject  to  a  three-orders-of-magnitude  error,  as  would  be  required 
to  resolve  the  discrepancy  between  the  two  estimates  of  the  ionic  diffusi¬ 
vity.  The  measurement  of  the  ionic  concentration  in  polyurethane  has  been 
repeated  three  times  using  a  single  paint  sample,  and  the  results  were 
reproduced  within  +  10%.  This  consistency  is  unlikely  when  incomplete 
phase  separation  is  a  problem.  The  data  Indicate,  then,  that  although  the 
apparent  ionic  diffusivity  may  be  slightly  low,  a  large  discrepancy  is 
unlikely,  and  the  ionic  diffusivity  is  much  too  low  to  explain  the  observed 
time  constants  for  current  decay. 

A  second  explanation  of  the  difference  between  the  two  time  constants 
should  be  explored;  the  presence  of  additional  mobile  ions.  Only  reagent 
grade  (99.8%  NaCl)  sodium  chloride  solutions  have  been  Investigated  In 
this  study.  It  appears  unlikely  that  a  salt  Impurity  could  be  present  and 


possess  a  selectivity  coefficient  high  enough  to  appear  in  significant 
concentrations  within  the  paint  film.  Another  possibility  exists;  hydrogen 
and/or  hydroxyl  ions  are  carrying  the  current.  These  ions  are  fundamen¬ 
tally  different  from  those  of  a  completely-dissociated  salt  like  sodium 
chloride.  They  are  the  dissociation  products  of  a  neutral  molecule, 
water,  which  is  known  to  be  present  in  the  paint.  The  fact  that  the  electri¬ 
cal  resistance  of  some  paint  films  increases  with  the  activity  of  water  has 
been  previously  observed  (25,  26)  and  is  consistent  with  this  possibility. 
Disolved  carbon  dioxide  is  another  neutral  molecule  which  exists  in  equili¬ 
brium  with  ionic  species.  Thus,  ambiguity  exists  over  which  compound, 
carbon  dioxide  or  water,  is  providing  the  ions  at  low  salt  concentrations. 
Experiments  have  not  been  performed  in  a  carbon-dioxide-free  atmosphere 
making  elucidation  of  the  ambiguity  Impossible  at  this  time.  Further 
research  will  clarify  the  point,  hut  for  the  purposes  of  this  discussion, 
only  the  water  equilibrium  will  be  considered. 

This  view  of  the  role  water  plays  in  affecting  current  conduction  in 
paints  is  further  supported  by  the  transferee.' e-number  data  illustrated 
in  Fig.  3.  The  cell  potential  is  shown  as  a  function  of  sodium  chloride 
activity  for  experiments  in  which  a  polyurethane  film  separates  two  solutions 
containing  different  concentrations  of  sodium  chloride.  In  these  experiments 
the  concentration  on  side  two  was  held  constant  while  the  side-one 
concentration  was  varied.  The  experimental  data  are  symbol  plotted,  and 
the  solid  curves  represent  the  computer  solution  of  the  mathematical  model 
for  the  case  when  the  paint  behaves  as  a  conventional  ion -exchange  membrane. 
All  the  computer  generated  curves  illustrated  in  both  Figs.  2  and  3  were 
calculated  using  one  set  of  relevant  parameter  values.  The  curve  through 
the  conductivity  data  was  constructed  first  by  adjusting  the  parameters  to 
obtain  a  good  fit.  Once  the  conductivity  data  had  been  successfully 


SIDE  1  NfiCL  ACTIVITY  (0AMHA«C)=iri0LE/Ms«3) 


Fig.  3  Transference  number  data  for  polyurethane  in  NaCl  solution.  Top 
scale  units  are  mol ell.  Symbols  are  experimental  data.  Solid 
lines  are  the  computer  simulation  of  an  ion  exchange  membrane. 
Dashed  straight  line  segments  are  comparable  with  the  three- 
transference-number  mechanism. 
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modeled,  only  one  parameter,  the  ionic  dlffusivity  ratio  (W-/D-) 
for  sodium  chloride,  was  varied  to  obtain  the  four  "computer  curves" 
shown  in  Fig.  3.  Fig.  3  shows  that  when  the  paint  is  modeled  as  an 
ion -exchange  membrane  the  slope  approaches  zero  at  low  concentrations. 
Alternatively,  when  the  conductivity  results  from  water  dissociation,  one 
can  expect  the  potential  to  depend  on  three  transference  numbers  (Newman 
(15),  section  17).  The  exact  nature  of  this  dependence  cannot  be  predicted 
without  solving  the  diffusion  equations  for  this  new  model,  but  the  equations 
indicate  that,  just  as  in  the  ion-exchange  case,  two  concentration  regions 
can  be  Identified.  At  high  salt  concentrations  the  membrane  will  behave 
as  before  with  the  potential  falling  as  the  concentration  on  side  one 
increases.  The  slope  of  the  potential  versus  concentration  curve  in  this 
region  is  determined  primarily  by  the  sodium-ion  transference  number. 

In  the  low  concentration  region  the  slope  of  the  curve  depends  most  on  the 
hydroxyl-ion  transference  number.  Thus  the  slope  in  the  dilute  region 
does  not  go  to  zero  as  for  the  ion-exchange  membrane,  and  if  the  concentra¬ 
tion  dependence  of  the  transference  number  can  be  ignored,  straight  lines 
can  be  expected.  The  dashed  lines  drawn  through  the  data  in  Fig.  3 
illustrate  this  point.  Parallel  lines  are  to  be  expected  in  both  the  low 
and  high  concentration  ranges  if  the  three-transference-number  mechanism 
is  operative,  but  are  more  difficult  to  explain  if  the  slope  changes 
because  the  ionic  diffusivities  are  concentration  dependent.  With  the 
exception  of  the  experimental  series  having  the  lowest  side-two  concentration 
(C2  *  10  mole/m^) ,  the  data  appear  to  be  well  represented  by  two  straight 
lines.  When  the  side-two  concentration  was  dilute  (C2  ■  10  mole/nr),  the 
data  were  erratic  and  subject  to  considerable  experimental  error.  Despite 
this  difficulty,  these  dilute  side-two  data  can  also  be  approximated  by 
two  straight  line  segments.  Thus  the  majority  of  these  data  qualitatively 
support  the  conclusion  that  the  conductivity  of  polyurethane  films  exposed 
to  dilute  salt  solutions  is  determined  primarily  by  ions  resulting  from 
the  dissociation  of  neutral  species  within  the  paint.  A  quantitative 
check  of  this  new  mechanism  is  planned  employing  an  updated  version  of 
the  original  mathematical  model. 

The  hypothesis  that  two  ionically  dissociating  species  (NaCl  and  H20) 
are  present  within  the  polyurethane  membrane  is  supported  by  the  results  of 
two  different  types  of  experiments:  time-transient  current,  and  transference- 
number  experiments.  The  time-transient-current  experiments  yield  low  time 
constants,  and  hence  ionic  diffusivities  which  are  three  orders  of  magnitude 
higher  than  the  best  estimates  based  on  NaCl  ionic  flux  and  solubility  data. 
These  experiments  represent  dynamic  measurements  and  suffer  from  the  classic 
difficulties  associated  with  the  effects  of  polymer  history.  The  trans¬ 
ference-number  experiments,  on  the  other  hand,  represent  steady-state 
measurements  and  appear  to  be  much  less  affected  by  polymer  history.  The 
transference-number  experiments  indicate  that  two  ionically  dissociating 
species  (at  least  three  ionic  species)  are  present  within  the  paint,  and 
that  the  primary  current-carrying  ions  change  with  concentration.  The 
presence  of  a  significant  concentration  of  a  second  salt  is  unlikely.  One 
is  thus  forced  to  conclude  that  water  itself  represents  the  most  likely 
second  lonicically  dissociating  species.  This  conclusion  is  supported 
qualitatively  by  Mayne  (25)  and  by  the  data  of  Kittelberger  and  Elm  (27) . 
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The  hypothesis  Is  also  consistent  with  the  results  of  the  Hittorf, 
ionic-capacity,  and  conductivity  data  obtained  in  this  laboratory.  It 
should  be  noted,  however,  that  a  limited  number  of  experiments  have  been 
performed  at  this  time,  and  although  the  results  are  encouragingly  consis¬ 
tent,  further  tests  will  be  required  to  verify  the  hypothesis. 


CONCLUSIONS 

The  following  conclusions  are  based  on  mass  transport  and  supporting 
experiments  carried  out  on  a  commercial,  unpigmented,  polyurethane  paint 
meeting  Military  Specification  C-832863(USAF) : 

—8  2 

1.  The  diffusivity  of  water  in  polyurethane  is  about  3.2  x  10  cm  /sec 

2.  The  concentration  of  mobile  ions  in  polyurethane  exposed  to 
0.1  N  NaCl  solution  at  22°C  is 

C  <  1.2  x  10~6  mole/g-paint, 
and  is  probably  close  to 

CA  ts  10" 7  mole/g-paint. 

3.  The  permeability  of  polyurethane  to  sodium  and  chloride  ions 
is  low. 

P  <  6  x  10  ^  cm2 /sec 
under  the  exposure  conditions  investigated 
C  -  0.1  N  NaCl 
-  1.5  V 

4.  The  mechanism  of  ionic  conduction  in  polyurethane  changes  as 
the  external  electrolyte  concentration  changes.  At  high 
concentrations  the  conductivity  increases  as  the  electrolyte 
concentration  Increases,  Indicating  conduction  by  soluble  ionic 
salts.  At  low  concentrations,  the  membrane  conductivity  appears 
to  be  determined  by  the  concentration  of  ions  resulting  from 
dissociation  of  neutral  species,  such  as  water. 
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INTRODUCTION 

Mechanisms  of  corrosion  protection  by  organic  paint  films  are  not  yet 
quantitatively  understood  even  though  paints  have  long  been  employed  as 
corrosion  inhibiters.  A  review  of  the  literature  shows  that  many  variables 
are  involved  in  the  protective  performance  of  paints.  However,  prior 
investigators  have  attempted  to  correlate  protective  performance  with  only 
one  or  two  of  these  variables  at  a  time.  The  result  has  been  imperfect 
correlation  and  incomplete  understanding  of  the  protection  mechanisms. 

Evaluation  of  a  comprehensive  mass  transport  model  is  described  in  this 
paper.  A  model  proposed  for  use  with  different  paint  systems  must  be  flex¬ 
ible  and  consider  a  large  number  of  physical  parameters  (potential,  concen¬ 
tration,  pressure,  etc.).  Certain  concepts  concerning  the  nature  of  paint  and 
corrosion  have  been  developed  in  order  to  formulate  this  model  in  which  the 
paint  film  is  assumed  to  be  a  continuous-phase  diffusion  barrier  and  metal 
surface  reaction  kinetics  are  described  mathematically  through  boundary 
conditions.  A  series  of  experiments  has  been  performed,  and  the  results 
compared  to  those  predicted  by  the  model.  From  these  comparisons  important 
conclusions  have  been  drawn  indicating  that  several  of  the  basic  concepts 
forming  the  foundation  of  the  model  are  correct.  Experimental  data  are 
incomplete,  however,  and  a  complete  evaluation  of  the  model  cannot  be  made 
at  this  time. 


MATHEMATICAL  MODEL 

Ambient  temperature  corrosion  of  metals  involves  electrochemical  oxida¬ 
tion  in  the  presence  of  oxygen  and  an  electrolyte  (1) .  The  overall  reaction 
rate  is  generally  limited  by  either  diffusion  or  reaction  kinetics.  Although 
electrode  reaction  kinetics  and  equilibrium  cell  potentials  are  the  most 
widely  used  tools  for  studying  corrosion,  in  practical  systems  local  concen¬ 
tration  and  potentials  are  usually  determined  by  mass  transport.  A 
corrosion  model  has  therefore  been  developed  for  painted  metal6  which  empha¬ 
sizes  the  mass-transfer  aspects  of  the  corrosion  process.  The  basic  rate- 
limiting  step  is  either  diffusion  of  a  reactant  toward,  or  of  a  product  away 
from  the  corroding  metal  surface  through  a  paint-phase  electrolyte. 

The  question  of  whether  the  paint  can  be  treated  as  a  continuous-phase 
(solution)  or  would  be  more  accurately  represented  as  a  porous  medium  has 
been  addressed.  (Guggenheim  (2)  has  discussed  the  continuously  varying 
properties  of  a  continuous-phase.)  The  solubility  of  water  in  polymers  has 
historically  been  treated  either  as  adsorption  onto  a  porous  solid,  or  as 
dissolution  in  a  single-phase  solution.  An  adsorption  theory,  like  that 
developed  by  Brunauer,  Emmett,  and  Teller  (3),  applies  to  the  former  while  the 
work  of  Flory  (4)  has  been  applied  to  the  latter.  For  the  porous-media 
model,  Mayne  (5,  6)  has  concluded0that  the  maximum  pore  radius  is  near  1000 
angstroms.  Large  holes  (r  *1000  A)  in  a  paint  are  considered  here  as  macro¬ 
scopic  defects,  and  any  smaller-radius  pathways,  occurring  randomly  through¬ 
out  the  paint,  are  treated  by  application  of  a  continuous-phase  model.  This 
view  was  confirmed,  on  theoretical  grounds,  by  Kedem  (7)  who  showed  that  by 
proper  choice  of  parameters  the  equations  describing  a  general  continuous- 
phase  membrane  model  reduce  to  the  same  form  as  those  based  on  diffusion 
through  porous  media. 

In  addition  to  modeling  the  paint  as  s  solution,  the  nature  of  the 


solution  must  be  considered.  In  general,  a  polymer  can  contain  ionizable 
sites.  The  concentration  (Cm)  of  these  sites  is  a  property  of  the  paint 
which  must  be  determined,  but  for  any  non-zero  C,^  paint  posesses  the  fundamen¬ 
tal  characteristic  of  an  ion-exchange  resin.  Although  the  ion-exchange 
capacity  of  paint  has  been  recognized  by  some  authors  (5,  8-10),  it  is  not 
widely  discussed  in  the  literature.  Inclusion  of  C„.  in  the  model  represents 
an  example  of  the  flexibility  discussed  in  the  introduction  because  the  paint 
phase  loses  its  ion-exchange  character  as  C^  goes  to  zero.  This  model  is 
thus  capable  of  describing  a  wide  range  of  cases  representing  different  ior. 
exchange  characteristics  of  paint. 

The  flexibility  of  the  model  is  increased  by  including  a  variable  ion- 
exchange  capacity  (Cm) .  Flexibility  can  be  further  achieved  by  using  general 
equations  to  describe  the  diffusion  and  migration  of  mobile  species  through 
the  paint.  Such  a  system  of  equations  is  proposed  by  Newman  (11)  for  aqueous 
electrolytes  and  has  been  adapted  here  to  represent  diffusion  through  the 
paint  phase  (12).  Sunu  and  Bennlon  (13)  have  presented  a  similar  set  of 
equations  to  describe  ionic  transport  in  cellulose  acetste  membranes.  All  of 
these  equation  sets  (diffusion  models)  are  based  on,  and  are  similar  to,  the 
Stefan-Maxvell  equations  which  describe  diffusion  in  gases  (11,  14).  The 
diffusion  equations  describe  the  flux  of  each  mobile  species  as  a  linear 
combination  of  all  the  driving  forces,  in  this  case  the  gradients  of  all  the 
electrochemical  potentials.  Although  the  form  of  these  equations  is  fixed  by 
the  theory,  the  values  of  the  coefficients  of  the  driving  forces  are  unknown 
and  must  be  evaluated  from  experimental  data.  For  a  system  containing  n 
mobile  species  there  are  in  general  *jn(n  +  1)  unknown  coefficients  (7).  This 
large  number  of  coefficients  is  a  consequence  of  the  general  nature  of  the 
Stefan-Maxwell  equations  and  represents  one  cost  of  using  a  flexible  model. 

Despite  its  complexity,  Che  model  posesses  the  advantages  of  generality 
and  is  capable  of  correlating  a  large  number  of  experimental  observations 
related  to  diffusion  through  membranes.  The  large  number  of  coefficients 
raises  one  question;  can  the  model  be  inappropriately  made  to  fit  nearly  any 
experimental  observation?  The  large  number  of  coefficients  can  be  deceiving 
in  this  regard  because  the  functional  form  of  the  Stefan-Maxwell  equations  is 
fixed.  Furthermore,  a  large  number  of  diverse  phenomena  are  to  be  described, 
including  diffusion  under  concentration  gradients  as  well  as  under  potential 
or  pressure  gradients.  Although  it  is  possible  to  accurately  model  a  single 
type  of  diffusion  by  taking  advantage  of  the  number  of  coefficients,  the 
subsequent  use  of  those  coefficients  to  describe  a  second  or  third  type  of 
diffusion  invariably  falls  unless  the  original  model  posesses  the  correct 
functional  form.  Thus,  the  best  test  of  this  model  is  the  simultaneous 
description  of  several  diverse  experiments.  Such  a  test  is  in  the  process  of 
completion,  and  the  preliminary  experimental  results  support  several  of  the 
basic  concepts  upon  which  the  model  is  based,  thereby  indicating  the  validity 
of  the  model. 


EXPERIMENTAL 

Using  the  mathematical  model  as  a  guide,  a  series  of  experiments  has 
been  undertaken  to  determine  the  diffusional  rate  parameters  (coefficients) 
for  a  particular  polyurethane  paint  (Mil.  Spec.  C-83286B,  USAF) .  This 
polyurethane  (<<14-9-3-900,  Desoto,  Inc.,  Berkeley,  Calif.),  used  on  commer¬ 
cial  airplanes,  was  obtained  from  The  Boeing  Company,  Seattle,  Washington. 
Clear,  unpigmented,  free  films  were  used  for  all  experiments.  The  films  were 
formed  by  spray  painting  sheets  of  decal  paper.  After  the  films  dried,  the 
paint  was  easily  removed  by  soaking  the  paper  in  water  for  a  few  minutes. 

All  experiments  were  made  in  the  same  apparatus  consisting  of  a  Plexi¬ 
glas  cell  in  which  a  free  film  of  polyurethane  separates  two  compartments 
containing  aqueous  solutions.  Potentials  in  the  aqueous  solutions  were 
measured  by  two  identical  silver-silver  chloride  electrodes,  and  provisions 
were  made  for  sampling  the  solution  compositions  as  time  passed.  Both 
aqueous  solutions  were  stirred  with  Teflon  coated  magnets. 

Three  types  of  experiments  are  commonly  used  to  investigate  diffusion  in 


membranes:  Hittorf,  concentration  gradient,  and  pressure  gradient.  In  the 
Hittorf  experiments,  the  current  and  concentrations  are  monitored  as 
functions  of  time  while  a  fixed  potential  is  applied  across  the  membrane. 

The  concentration  changes  are  recorded  by  using  radioactive  isotopes  of 
sodium  (Na^2)  and  chloride  (Cl36) .  The  primary  driving  force  is  related  to 
the  externally-specified  potential  difference.  By  measuring  the  total 
current  anc  potential  difference,  the  steady-state  conductivity  can  be 
determined,  and  by  measuring  concentration  changes,  the  ionic  transference 
numbers  can  be  calculated.  Electrical  time-transient  experiments  have  also 
been  conducted  in  an  Hittorf  cell.  The  current-time  transients  were 
monitored  after  the  application  of  a  potential  step  change.  Concentration 
changes  were  not  measured,  although  the  primary  driving  force  was  still  the 
applied  potential  difference. 

The  primary  driving  force  in  the  second  type  of  experiment  is  a  concen¬ 
tration  gradient.  In  these  transference-number  experiments  the  membrane 
separates  two  solutions  of  different  composition.  Usually  the  open-circuit 
potential  and  concentrations  are  monitored  as  functions  of  time.  If  the 
mobile  species  concentrations  within  the  membrane  are  known,  or  can  be 
assumed  or  calculated,  measurement  of  the  open-circuit  potential  yields 
ionic  transference  numbers. 

The  third  type  of  experiment  involves  the  diffusion  of  mobile  species 
under  the  influence  of  a  pressure  gradient.  These  experiments  require 
more-complicated  apparatus  than  the  first  two  types,  and  remain  to  be 
conducted . 

In  addition  to  the  diffusion-type  experiments,  water  absorption  iso¬ 
therms  have  been  obtained  to  establish  the  solubility  of  water  in  polyure¬ 
thane.  These  experiments  are  conducted  by  exposing  paint  samples  to 
constant-humidity  atmospheres  and  measuring  the  weight  change  with  a  Cahn 
(gram)  electrobalance.  Constant  humidities  ere  maintained  with  saturated 
solutions  of  various  salts.  Only  one  temperature  has  been  thoroughly 
investigated  at  this  time  (20eC  ±  3°C) . 

RESULTS  AND  DISCUSSION 


Hittorf  experiments  have  been  used  to  measure  the  steady-state  conduc¬ 
tivity  while  monitoring  mobile  species  fluxes  with  radiotracers.  The  flux 
of  a  neutral  species  can  be  written  as  follows: 
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where  ACex  *  the  external  concentration  difference  across  the  membrane, 
t  ■  the  thickness,  and  P  -  the  permeability  coefficient.  A  similar 
expression  holds  for  ionic  species,  but  an  additional  term  expressing  the 
effect  of  a  potential  difference  is  required.  Equation  1  can  be  used  to 
calculate  the  permeability  coefficients  from  flux  measurements.  Analysis  of 
Hittorf  data  using  tritium  labled  water  has  allowed  the  permeability  coeffi¬ 
cient  of  water  to  be  determined.  Similar  techniques  have  been  unsuccessful 
for  determination  of  the  ionic  fluxes  because  the  fluxes  of  both  sodium  and 
chloride  have  been  below  the  detectable  limit.  Despite  this  uncertainty, 
the  detection  limit  of  the  radiotracer  method  can  be  used  to  establish  an 
upper  bound  on  the  ionic  fluxes  and  permeability  coefficients.  The  permea¬ 
bility  data  from  several  experiments  is  shown  in  Table  1. 

The  permeability  data  in  Table  1  indicate  that  the  ionic  species 
permeate  the  paint  much  more  slowly  than  does  water.  Even  at  the  potential 
difference  of  1.5  V  the  ionic  flux  is  less  than  the  water  flux  10” 8  M). 

These  observations  at  first  seem  to  support  Kayne's  contention  that  ionic 
transport  is  the  rate  limiting  step  (1,  5,  6).  However,  another  possibility 
for  corroding  metal  is  that  no  ions  actually  diffuse  through  the  paint  film. 
In  this  case  the  ions  present  at  the  metal  surface  before  painting  are 
simply  covered  over  by  the  paint,  and  the  corrosion  mechanism  is  not  limited 
by  ionic  diffusion  but  by  oxygen  or  water  transport.  In  any  case  the  low 
permeability  coefficients  in  Table  1  indicate  that,  for  unpigmented  poly- 


urethane,  the  assumption  that  diffusion  Is  the  rate-limiting  step  was 
justified. 

Absorption  Isotherms  for  the  polyurethane-water  system  obtained  at  20 °C 
are  not  particularly  well  modeled  by  any  of  the  five  Brunauer,  Emmett  and 
Teller  (BET)  type  isotherms.  The  isotherms  show  slight  upward  curvature  as 
the  partia)  pressure  of  water  Increases,  but  have  a  definite  weight  fraction 
at  the  saturation  pressure.  One  can  fit  the  data  quite  well,  however,  by 
Including  a  linear  term  in  the  activity  coefficient  expansion.  Thus 
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where  H  and  A  are  constants  and  fw  *  the  weight  fraction  of  water.  This  is 
exactly  the  behavior  commonly  encountered  when  describing  ordinary  liquid 
solutions.  Similar  results  were  found  when  the  membranes  were  equilibrated 
with  saturated  sodium  chloride  solution  before  performing  the  absorption 
isotherm  experiment.  These  data  indicate  that  the  paint  phase  can  be  treated 
as  a  homogeneous  solution  rather  than  a  porous  solid,  thereby  supporting  the 
assumption  made  about  the  nature  of  the  paint  phase. 

Fig.  1  illustrates  the  variation  of  conductivity  of  a  polyurethane  free 
film  with  external  electrolyte  activity.  Fig.  1  shows  a  plateau  at  low  salt 
activity.  This  is  exactly  the  form  expected  if  the  membrane  posesses  fixed 
ionic  species,  i.e.,  the  membrar  is  an  ion-exchange  material.  This  form  of 
the  conductivity  versus  concentration  curve  is  difficult  to  explain  on  the 
basis  of  a  solution  containing  a  single  electrolyte,  i.e.,  if  the  paint  does 
not  posess  ion-exchange  capacity. 

The  curve  through  the  conductivity  data  of  Fig.  1  is  the  model  predic¬ 
tion  based  on  an  optimized  value  of  the  polyurethane  ionic  capacity  (C^) , 

The  conductivity  data  are  adequately  modeled.  Fig.  2  compares  the  model 
predictions  (solid  curves)  to  transference-number  experimental  results 
(symbols).  The  same  set  of  transport  coefficients  and  Cm  were  used  in 
modeling  both  types  of  experiments.  The  transference-number  experiments  were 
conducted  by  holding  the  sodium  chloride  concentration  on  side  two  of  the 
membrane  constant  and  varying  the  concentration  on  side  one  while  recording 
the  potential  difference  across  the  film.  Agreement  between  the  model  and 
the  experimental  results  is  quite  good  at  high  salt  activities,  but  when 
one  side  of  the  membrane  is  at  a  low  activity  the  experimental  results 
become  erratic,  and  the  model  fails  to  agree. 

One  possible  explanation  of  this  descrepancy  is  that  the  ionic  diffu- 
6ivities  are  concentration  dependent.  This  explanation  seems  likely  in  view 
of  the  fact  that  the  most  commonly  used  models  of  diffusion  in  polymers  are 
based  on  free-volume  theories,  and  most  of  these  theories  predict  an  exponen¬ 
tial  dependence  of  the  diffusivity  on  concentration  (15).  Although  the  math¬ 
ematical  model  is  quite  capable  of  incorporating  this  additional  complexity, 
the  results  Illustrated  in  Fig.  2  were  calculated  assuming  constant  diffu- 
sivities  for  all  mobile  species. 

Another  possible  explanation  of  the  discrepancy  might  be  the  presence 
of  additional  mobile  ions.  These  ions  might  be  H*  or  OH”  in  aqueous  systems. 
The  presence  of  ions  other  than  chloride  or  sodium  is  further  supported  by 
some  Hittorf  conductivity  data.  The  total  Hlttorf  current  passed  is  greater 
than  that  calculated  for  the  upper  bound  ionic  fluxes.  Indicating  an  addi¬ 
tional  ionic  species  is  carrying  current.  If  these  species  are  Ir  and  OH- 
it  is  clear  that  their  concentrations  in  the  paint  phase  are  important.  The 
ion  concentrations  are  determined  by  the  chemical  equilibrium  with  water, 
and  consequently  the  water  content  of  the  paint.  This  stay  explain  Mayne's 
(6)  conclusion  that  when  paint  resistance  is  high  (low  conductivity)  it  is 
controlled  by  water  uptake  rather  than  external  electrolyte  concentration. 
Either  of  these  two  explanations  of  the  transference-number  results  may 
eventually  prove  to  be  correct.  In  either  esse  the  mcdel  will  remain 
acceptable;  is  can  describe  both  situations.  This  fact  again  illustrates 
the  flexibility  and  generality  of  the  model. 


CONCLUSIONS 


The  following  conclusions  are  based  on  mass  transport  and  supporting 
experiments  carried  out  on  a  commercial,  unpigmented,  polyurethane  paint 
meeting  Military  Specification  C-83286B(USAF) : 

1.  Mass  transfer  of  various  molecular  and  ionic  species  through  this 
paint  film  limits  the  corrosion  rate  of  painted  metal  surfaces. 

2.  The  polyurethane  paint  phase  is  more  adequately  described  as  a 
solution  than  as  a  porous  medium. 

3.  This  polyurethane  is  a  weak  ion-exchange  medium. 

4.  In  general,  ion-exchange  capacity  must  be  Included  in  a  mass 
transport  model  for  paint  films. 

3.  The  Increased  complexity  of  the  proposed  mathematical  model  is 
justified  in  terms  of  the  increased  flexibility  and  accuracy 
obtained. 
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